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ABSTRACT 
 
Solid oxide fuel cells (SOFCs) are very attractive as energy generation devices 
because of their high energy efficiency, flexible fuel selections and clean energy 
conversion. To avoid cell cracking and formation of non-conducting compounds at 
electrolyte/electrode interfaces issues caused by high operating temperatures (~1000 ºC 
for conventional SOFCs), intermediate temperature SOFCs (ITSOFCs) in the range of 
500-700 ºC have attracted extensive research interests. However, the polarization loss of 
cathode and ohmic loss of electrolyte significantly increases under reduced temperatures 
which lead to decreased cell performance and power output. To address the above issues, 
the efforts in this work are focused on engineering microstructure of cathode, electrolyte 
and their interface to achieve high performance.  
First, a bi-layer method has been developed to prepare La0.5Sr0.5CoO3 (LSCO) 
cathode by combining a pulsed laser deposition (PLD) technique and a screen printing 
method. It provides a cost-effective approach to fabricate thick and high quality cathode 
films and the method could also be applied to many other cathode systems. Second, 
detailed PLD interlayer thickness effect is investigated. The mechanical and 
electrochemical properties of those hybrid cathodes are examined and correlated with the 
microstructure of the cells with different interlayer thicknesses. Third, partial oxygen 
pressure AC impedance study has been carried on those bi-layer cathodes with different 
interlayer thicknesses. The guidelines for designing high-performance bi-layer cathodes 
with optimum performance and low cost are proposed. Fourth, the design of a 
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La0.8Sr0.2MnO3-δ/Zr0.92Y0.08O2 thin interlayer with a vertically-aligned nanocomposite 
(VAN) structure between the electrolyte and oxygen electrode is demonstrated for solid 
oxide reversible fuel cells. The VAN structure significantly improves the overall cell 
performance and also acts as a transition layer that improves adhesion and relieves both 
thermal stress and lattice strain. Fifth, Two-phase (Ce0.9Gd0.1O1.95)0.5/(Zr0.92Y0.08O1.96)0.5  
nanocomposite thin films with vertically aligned structure are grown as the electrolyte 
for thin film solid oxide fuel cells (TFSOFCs). More than 50% increase in overall power 
density is achieved compared with that of the cells without VAN electrolyte. 
 iv 
 
DEDICATION 
 
 
 
 
 
 
 
 
I dedicate this dissertation to my family and to my teachers.  
 v 
 
ACKNOWLEDGEMENTS 
 
No words can describe all my appreciation to my advisor, Dr. Haiyan Wang. She 
provides me a precious opportunity to study at Texas A&M University where group 
atmosphere is like a family. She guides me into the world of scientific research and 
helped me to build a strong ethic of working. Without her continuous guide and ongoing 
motivation, my research can never come this far. I was so lucky that I could study for my 
Ph.D. under her supervision and these four years will be the most important period of my 
life. 
I would like to send my special appreciation to all my committee members, Dr. 
Perla Balbuena, Dr. Andreas Holzenburg and Dr. Xinghang Zhang for their great help 
and continued attention on my research work. Also, I thank the professors including Dr. 
Fred Strieter, Dr. Andreas Holzenburg, Dr. Xinghang Zhang, Dr. Miladin Radovic, Dr. 
Xing Chen, etc., for their great classes to offer me research background.  
I want to thank all my lab friends, Sungmee Cho, Zhenxing Bi, Chen-Fong Tsai, 
JoonHwan Lee, Michelle Myers, Li Chen, Fauzia Khatkhatay, Aiping Chen, 
ZhuYuanyuan, Jiao Liang, Wenrui Zhang, Jie Jian, Clement Jacob and Tommy Lynch, 
for making my time at Texas A&M University a great experience. Special appreciation 
goes to our collaborators including Dr. Quanxi Jia at Los Alamos National Lab, Dr. 
Serquis at Centro Atómico Bariloche, Argentina, Dr. Jacobson at University of Houston 
and Dr. Manthiram at University of Texas at Austin for their great help on my research. I 
 vi 
 
would like also thank my friends, Dawei, Yue, Youxing, and Da! I had a more 
meaningful life in College Station together with you all. 
Lastly, thanks to my family, particularly, my wife Li Zhang and my parents, for 
their love, support and encouragement. Thanks to my son, David Su, for making me to 
grow and carry responsibilities with love and gratitude. 
 vii 
 
TABLE OF CONTENTS 
 
              Page 
ABSTRACT ..............................................................................................................  ii 
DEDICATION .............................................................................................................  iv 
ACKNOWLEDGEMENTS ......................................................................................  v 
TABLE OF CONTENTS ..........................................................................................  vii 
LIST OF FIGURES ...................................................................................................  x 
LIST OF TABLES ....................................................................................................  xvii 
1. INTRODUCTION ...............................................................................................  1 
       1.1 Overview ..............................................................................................  2 
  1.2 Fuel Cells ..............................................................................................  2 
  1.3 Solid Oxide Fuel Cells .........................................................................  5 
            1.4 Thin Film SOFC ...................................................................................  11 
            1.5 SOFC Components ...............................................................................  12 
  1.6 Thin Film Preparation Method .............................................................  20 
  1.7 Challenges ............................................................................................  25 
  1.8 Current Research Review on SOFCs ...................................................  25 
  1.9 Solid Oxide Reversible Fuel Cells (SORFCs) .....................................  53 
            1.10 Summary ..............................................................................................  54 
 
2. RESREACH METHODOLOGY ........................................................................  56 
  2.1 Pulsed Laser Deposition .......................................................................  56 
  2.2 Thin Film Microstructure and Crystalline Characterizations ...............  64 
  2.3 AC Impedance Spectroscopy ...............................................................  79 
  2.4 Single Cell Power Measurement ..........................................................  81 
  
 
 
 
 
 
  
 viii 
 
                                                                                                                                       Page 
3. ENHANVED ELECTROCHEMICAL PROPERTIES OF BI-LAYER 
      La0.5Sr0.5CoO3−δ CATHODE PREPARED BY A HYBRID METHOD .............  83 
 
  3.1 Overview ..............................................................................................  83 
  3.2 Introduction ..........................................................................................  84 
  3.3 Experimental ........................................................................................  86 
  3.4 Results and Discussion .........................................................................  88 
  3.5 Conclusions ..........................................................................................  98 
 
4. EFFECT OF INTERLAYER THICKNESS ON THE ELECTROCHEMICAL 
      PROPERTIES OF BI-LAYER CATHODES FOR SOLID OXIDE FUEL  
      CELLS .................................................................................................................      99 
 
  4.1 Overview ..............................................................................................  99 
  4.2 Introduction ..........................................................................................  100 
  4.3 Experimental ........................................................................................  102 
  4.4 Results and Discussion .........................................................................  105 
  4.5 Conclusions ..........................................................................................  120 
5. OXYGEN PARTIAL PRESSURE IMPEDANE STUDIES OF INTERLAYER  
      EFFECT ON POROUS ELECTRODES OF La0.5Sr0.5CoO3-δ ............................  121 
 
  5.1 Overview ..............................................................................................  121 
  5.2 Introduction ..........................................................................................  122 
  5.3 Experimental ........................................................................................  124 
  5.4 Results and Discussion .........................................................................  126 
  5.5 Conclusions ..........................................................................................  142 
 
6. VERTICALLY ALIGNED NANOCOMPOSITE ELECTROLYTES WITH  
      SUPERIOR OUT-OF-PLANE IONIC CONDUCTIVITY FOR SOLID  
      OXIDE FUEL CELLS ........................................................................................  144 
  6.1 Overview ..............................................................................................  144 
  6.2 Introduction ..........................................................................................  145 
  6.3 Experimental ........................................................................................  149 
  6.4 Results and Discussion .........................................................................  151 
  6.5 Conclusions ..........................................................................................  172 
 
           
 
 ix 
 
                                                                                                                                     Page 
7. VERTICALLY ALIGNED NANOCOMPOSITE  
      La0.8Sr0.2MnO3-δ/Zr0.92Y0.08O1.96 THIN FILMS AS  
      ELECTRODE/ELECTROLYTE INTERFACIAL LAYER FOR SOLID  
      OXIDE REVERSIBLE FUEL CELLS ...............................................................  173 
 
  7.1 Overview ..............................................................................................  173 
  7.2 Introduction ..........................................................................................  174 
  7.3 Experimental ........................................................................................  177 
  7.4 Results and Discussion .........................................................................  179 
  7.5 Conclusions ..........................................................................................  193 
8. SUMMARY AND CONCLUSIONS ..................................................................  194 
REFERENCES ..........................................................................................................  198 
 
 
 
 
 
 x 
 
LIST OF FIGURES 
 
FIGURE                                                                                                                        Page 
 1.1 Illustration of a fuel cell comprising of an electrolyte, an anode and  
               a cathode .....................................................................................................  3 
 
 1.2 Summary of the five main types of fuel cells and their characteristics ..........  4 
 1.3 Schematic diagram of a SOFC showing the roles of anode, cathode,  
               and electrolyte ............................................................................................        7 
 1.4  Actual and ideal cell potential in SOFCs ...................................................  9 
 1.5 Three types of thin film SOFCs configurations ..........................................  12 
 1.6 Schematic diagram of Ni/YSZ anode three-phase boundaries shows  
               charge transportation and chemical reactions ............................................  15 
 1.7 (a) Schematic representation of the screen-printing process. (b) The  
                typical screen printing mask and samples prepared by screen printing ....  22 
 1.8 The examples of different microstructure achieved by pulsed laser  
               deposition (a) vertically aligned nanocomposite, (b) nanoporous film ......  24 
 
 1.9  The fluorite structure of solid oxide electrolyte .........................................  27 
 
 1.10 Comparison of ionic conductivity of various solid oxide electrolytes.  
               Stabilized bismuth oxides (ESB-Er0.4Bi1.6O3 and  
               DWSB-Dy0.08W0.04Bi0.88O1.56) show superior ionic conductivity  
               compared with that of doped ceria (GDC-Gd0.1Ce0.9O1.95 and  
               SNDC-Sm0.075Nd0.075Ce0.85O2- δ) and stabilized zirconia  
               (YSZ-Y0.16Zr0.92O2.08). ................................................................................  31 
 
 1.11 TEM micrograph showing a cross sectional view of an eight-layer  
               Gd2O3-doped CeO2 and ZrO2 film grown on Al2O3(0001) ........................  33 
 1.12 Plot of the measured parallel conductivity enhancement as a function  
               of misfit ......................................................................................................  35 
 
 1.13 Schematic representations of different cathode reaction mechanisms. The 
               cathode is a (a) poor or (b) good ionic conductor ......................................  38 
 xi 
 
FIGURE                                                                                                                        Page 
 1.14  Unit cell representing the ABO3 perovskite structure ................................  41 
 
 1.15 (a) Polyhedral view of a K2NiF4 structure consisting of a succession of  
               ABO3 perovskite layers alternating with AO rock salt layers.  
               (b) Schematic illustration of a double perovskite structure with  
               composition AA’Co2O5+x where B ions are coordinated in pyramids  
               (BO5) and octahedra (BO6) with oxygen vacancies along (1 0 0) in the  
               A plane .......................................................................................................  44 
 
 1.16 (a) Schematic illustration of a symmetric cell and a VAN interlayer  
               where ‘‘L’’ and ‘‘C’’ stand for LSCO and CGO columns, respectively.  
               (b) High-resolution TEM images of a typical LSCO/CGO VAN structure                
               grown by PLD on STO substrate ...............................................................  52 
 2.1 Schematic illustration of a single target pulsed laser deposition system ...  57 
 
 2.2 Schematic illustration of the laser target interaction stages during the  
               short pulsed laser period .............................................................................  60 
 
 2.3  Schematic illustration shows the four different phases presented during  
               the laser-target interaction ..........................................................................  62 
 
 2.4 (a) A two dimensional periodic array of atoms forming different planes in  
               the crystal, (b) diffraction of a set of planes with inter-plane distance d  
               followed by Bragg’s Law ...........................................................................  65 
 
 2.5 The illustration of a typical TEM system with analytical capabilities .......  68 
 2.6 The intensity of the Airy rings from two neighboring pinholes. A  
               resolution limit of d1/2 is given by the intensity distributions from  
               each of the pinholes separately and the maximum intensity from one  
               pinhole coincides with the first minimum from the other ..........................  70 
 
 2.7 Two basic operation modes of TEM system: (a) the diffraction mode  
               and (b) the imaging mode ...........................................................................  71 
 
 2.8  Multiple steps in the calculation of a high-resolution TEM image by  
               the multi-slice method ................................................................................  73 
 
 2.9 Schematic diagram of the scanning of convergent probe for STEM  
               imaging. ......................................................................................................  75 
 
 xii 
 
FIGURE                                                                                                                        Page 
      2.10 Schematic illustration of typical SEM equipment ......................................  78 
 2.11 (a) AC impedance analysis through a sinusoidal current or voltage  
               perturbation which is measured and analyzed in terms of gain and phase  
               shift as a function of frequency (w). (b) A typical example of equivalent  
               circuit for fitting the impedance curve. (c) Example of impedance plot  
               of a dense La0.5Sr0.5CoO3-δ film on single-crystal YSZ at 750 °C ..............  80 
 
 2.12 Schematically illustration of the SOFC power measurement ....................  82 
 
 3.1  XRD θ-2θ plots for (A) LSCO powders for screen printing, (B) screen  
               printing LSCO film on CGO pellet and (C) bi-layer LSCO film ...............  88 
 
 3.2 Plan-view SEM images of screen printing LSCO layer (A) directly on  
               CGO pellet, (B) on PLD LSCO layer deposited at RT, (C) on PLD LSCO  
               layer deposited at 300 °C and (D) on PLD LSCO layer deposition at  
               500 °C. (E) Cross-sectional TEM image of screen printing LSCO on  
               PLD seed layer deposited at 500 °C. All samples were annealed at  
               1150 °C for 2 hours ....................................................................................  90 
 
 3.3 (A) The equivalent circuit model used to fit the impedance data and the  
               impedance spectra of the  
               SP LSCO/PLD LSCO/CGO/PLD LSCO/SP LSCO symmetrical cell  
               collected at 873K and pO2=0.2 atm. The PLD LSCO layers were  
               deposited at (B) RT and (C) 500 °C. The points are experimental data  
               and the lines are fitted data .........................................................................  92 
 3.4 The ASR of the symmetric cells with and without PLD LSCO layer as a  
               function of measurement temperature at pO2=0.2 atm ..............................  95 
 
 3.5  Plan-view (A, C, E) and cross section SEM images (B, D, F) of screen  
               printing LSCO layer on the PLD seed layer after impedance measurement.  
               The PLD layers were deposited at (A) and (B) RT; (C) and (D) 300 °C;  
               (E) and (F) at 500 °C ..................................................................................  97 
 
 4.1 The X-ray diffraction (XRD) patterns of the LSCO cathode film with and  
               without the PLD interlayer. The inset shows a magnification of XRD  
               peaks around 47.5 degree. The symbol * refers to LSCO peak and the  
               symbol # refers to CGO peak. ....................................................................  105 
 
 
 xiii 
 
FIGURE                                                                                                                        Page 
      4.2 Cross-section SEM images of screen printing LSCO layer (a) directly on  
               CGO pellet, on PLD LSCO interlayer with different thickness (b) 53 nm,  
               (c) 106 nm, (d) 530 nm. All samples were annealed at 1150 °C for 2  
               hours ...........................................................................................................  107 
 4.3 The plan-view SEM images of screen printed cathode (a) without and  
               (b) with PLD interlayer and (c) the cross-section TEM image of  
               bi layer cathode ..........................................................................................  108 
 
 4.4  (a) The specific impedance data of symmetric cells with cathode prepared 
               by the screen printing only method and the hybrid method with 500 nm  
               PLD interlayer at 600 °C and (b) the ASR of the symmetric cells with  
               different PLD LSCO interlayer thickness and without PLD LSCO layer  
               as a function of measurement temperature in air. The inset in (b) shows a  
               magnified ASR plot of the symmetric cells with PLD LSCO interlayer                 
               thickness range from 106 nm to 530 nm at 600 °C ....................................  111 
 
 4.5 The hardness and ASR at 600 °C of the symmetric cells as the function  
               of PLD LSCO interlayer thickness .............................................................  113 
 
 4.6 The proposed scheme of different microstructure (a) and the different  
               microstructure of single cells: (b) without PLD LSCO interlayer,  
               (c) with ~100 nm PLD LSCO interlayer ....................................................  115 
 4.7 The power density of single cells with and without PLD LSCO interlayer  
               from 650 °C to 800 °C ...............................................................................  117 
 
 4.8  The cross-section SEM images of single cells (a) without and (b) with  
               the PLD interlayer after power density measurement ................................  119 
 
 5.1 The cross-sectional SEM images the cathode films (a) without and  
               (b) with the LSCO PLD interlayer. The magnified image exhibits the  
               vertical LSCO nanocolumns with nanopores in between ..........................  127 
 
 5.2 A typical AC impedance spectrum of the LSCO/CGO/LSCO symmetrical  
               cell ..............................................................................................................  129 
 5.3 The temperature dependence of the area specific resistances for the  
               symmetrical cells at different oxygen partial pressures .............................  131 
 
 5.4  Impedance curves by the curve fitting using the equivalent circuit model  132 
 
 xiv 
 
FIGURE                                                                                                                        Page 
      5.5 The temperature dependence of the surface exchange resistances for the  
               symmetrical cells at different oxygen partial pressures .............................  134 
 
 5.6 Dependence of the surface exchange on oxygen partial pressure. The  
               numbers are the exponents in a (pO2)
-n
 fit ..................................................  136 
 5.7 ln(j)-ηact plots for LSCO cathode with different interlayer thicknesses at  
               700 °C .........................................................................................................  138 
 
 5.8  The temperature dependence of the oxygen mass transfer resistances for  
               the symmetrical cells at different oxygen partial pressures .......................  141 
 
 6.1 (a) Illustration of a conventional thin-film multilayers strategy with  
               lateral interfaces to enhance the in-plane ionic conductivity where “Y”  
               and “G” stands for YSZ and GDC electrolyte, respectively.  
               (b) Schematic diagram of a self-assembled vertically aligned  
               nanocomposite (VAN) film with vertically aligned interfaces to 
               increase the out-of-plane ionic transportation ............................................  148 
 
 6.2 X-ray diffraction (XRD) pattern of (a) the YSZ and GDC composite  
               target showing no inter-reaction between YSZ and GDC and (b) a  
               typical YSZ/GDC nanocomposite film deposited at 10 Hz showing an  
               epitaxial growth of YSZ/GDC nanocomposite film. (c) Illustration of  
               YSZ and GDC 45 degree in-plane rotation matching on STO substrate ...  153 
 6.3 Cross-sectional TEM images for the YSZ/GDC nanocomposite films on  
               STO(001) deposited at a) 1 Hz and b)10 Hz, which clearly demonstrate  
               different column size by different deposition frequencies. The selected  
               area electron diffraction (SAED) patterns of YSZ/GDC nanocomposite 
               films on STO(001) deposited at c) 1 Hz and d)10 Hz indicating a 45  
               degree rotation matching on STO substrate. The cross-sectional STEM  
               images e) and f) plan-view TEM images of YSZ and GDC  
               nanocomposite thin film show the phase separation and arrangement ......  156 
 
 6.4  An Arrhenius plot of ionic conductivity as a function of temperature  
               showing enhanced ionic conductivity for YSZ/GDC VAN electrolyte  
               compared to pure GDC and YSZ thin film. The inset is a specific  
               impedance plot of GDC film and YSZ and GDC VAN film at 600 °C .....  158 
 
 6.5 (a) Cross-sectional HRTEM image of YSZ/GDC VAN thin film and  
               (b) its corresponding FFT image suggest the strain coupling along the  
               vertical YSZ/GDC interfaces .....................................................................  161 
 xv 
 
FIGURE                                                                                                                        Page 
 6.6 Cross-sectional backscattered SEM images of single cells with VAN  
               electrolyte a) in the middle of YSZ and GDC electrolyte and b) on the  
               top of YSZ and GDC electrolyte ................................................................  163 
 6.7 (a) Schematic illustration  of YSZ/GDC composite electrolyte coated on      
               polycrystalline substrate, (b) cross-sectional TEM image of YSZ/GDC  
               composite electrolyte coated on polycrystalline substrate showing  
               alternating YSZ and GDC columns either vertical aligned or slightly  
tilted, (c) high resolution TEM image and (d) STEM image of YSZ/GDC  
               composite electrolyte demonstrating dual-phase electrolyte without  
               formation of solid solution .........................................................................    165 
 6.8  The power densities of single cells a) without VAN, (b) with VAN in  
               middle of the electrolyte and (c) on the top of the electrolyte,  
               demonstrating the enhanced cell performance by applying VAN  
               electrolyte. (d) The V-I curve of the single cells with and without VAN  
               electrolyte at 800 °C ...................................................................................  169 
 6.9 The post measurement backscattered SEM images of single cell with  
               YSZ/GDC VAN electrolyte (a) in the middle and (b) on the top,  
               showing excellent cell integrity after high temperature cell measurement  171 
 7.1 Schematic diagram of an anode supported single cell with VAN  
interlayer where “L” and “Y” refer, respectively,  
to LSM and YSZ columns ..........................................................................    177 
 
 7.2  XRD pattern of LSM/YSZ composite film deposited at 700 °C ................  181 
 7.3 (a) The cross-sectional TEM images for the LSM/YSZ nanocomposite  
               films on STO (001) deposited at 10 Hz. (b) The cross-sectional STEM  
               images of LSM and YSZ nanocomposite thin film ....................................  182 
 7.4 Plan-view SEM images of the screen printing LSM/YSZ cathode  
(a) with and (b) without VAN interlayer ....................................................    184 
 
 7.5  (a) The equivalent circuit model used to fit the impedance data and (b) the  
               typical impedance plot the LSM/YSZ cathode with and without VAN  
               interlayer at 700 °C showing the enhanced electrochemical performance  
               for cathode with VAN. The inset table lists fitting results for the  
               LSM/YSZ cathode with and without VAN interlayer ...............................  186 
  
 xvi 
 
FIGURE                                                                                                                     Page 
7.6 An Arrhenius plot of ASR of LSM/YSZ cathode with and without  
               VAN interlayers as a function of temperature ...........................................  188 
 7.7  I–V curve of the anode-supported single cells (a) without and (b) with  
               the LSM/YSZ interlayer at different temperatures of 650 ∼ 800 °C .........  190 
 7.8 The after-measurement cross-sectional SEM images of LSM/YSZ  
               cathode with VAN interlayer .....................................................................  192 
 
 xvii 
 
LIST OF TABLES 
 
TABLE                                                                                                                          Page 
 
 1.1 A summary of typical materials for SOFC components ............................  13 
 
 1.2 Summary of oxygen self-diffusion and oxygen surface exchange data  
               and overall conductivity for different SOFC cathode materials.................  39 
 
  
 
                                                                                                                                   
 1 
 
 
1. INTRODUCTION 
 
This chapter presents the motivation and objectives of the research in this 
dissertation. It is now well known that carbon dioxide (CO2) gas emission from fossil 
fuel combustion leads to not only global warming but also the environmental concerns 
including air pollution, acid precipitation, ozone depletion.[1] New clean energy forms 
that are more environmental benign, are greatly needed. Fuel cell, typically solid oxide 
fuel cells (SOFCs), is a device that directly converts chemical energy in fuel to electrical 
energy with high energy conversion efficiency. It meets the requirement to reduce the 
fossil fuel consumption and increase the environmental friendly energy supply so as to 
become one of the most promising candidates for future power generation systems. This 
chapter reviews the background and current status of SOFCs, and summarizes the recent 
work to enhance the performance of SOFCs and the prospective of microstructure 
engineering of SOFCs. 
The introduction section starts with a brief introduction on fuel cells and SOFCs 
as well as their working principles. Thin film SOFCs and three major SOFC components 
are introduced in Section 1.4 and 1.5. Various thin film preparation methods are 
introduced in Section 1.6. Challenges and current research areas are reviewed for 
electrolyte and cathode based on materials exploration and materials microstructural 
engineering approaches.  
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1.1 Overview 
Over the past several decades, SOFCs have been widely studied as a promising 
candidate for clean power generation. The main barrier for SOFCs is decreased cell 
performance at intermediated operating temperatures. To overcome such barrier, 
microstructure engineering presents novel approaches to achieve enhanced cell 
performance in intermediated temperature range. This work focuses on minimizing the 
polarization loss of cathode and ohmic loss of the electrolyte by nano-engineering 
cathode, electrolyte and their interface.  
 
1.2 Fuel Cells  
Fuel cells are energy conversion devices that are used to directly convert the 
chemical energy of a fuel gas to electrical energy or heat. Without the need for direct 
combustion as an intermediate step, they give much higher conversion efficiency than 
conventional methods. The basic structure of fuel cells are consists of a porous anode, a 
porous cathode and a dense electrolyte layer in between seen as Fig 1.1. Typically, fuel 
cells generate electricity inside a cell through electrochemical reactions when a constant 
fuel is supplied to the anode side and an oxidant is fed to the cathode. [2] It could 
continuously operate as long as both reactant and oxidant are provided. 
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Fig.1.1. Illustration of a fuel cell comprising of an electrolyte, an anode and a cathode. 
 
 
Based on the working mechanism and selection of the electrolyte, fuel cells can 
be classified into five major types, i.e., polymer electrolyte fuel cell (PEFC), alkaline 
fuel cell (AFC), phosphoric acid fuel cell (PAFC), molten carbonate fuel cell (MCFC), 
and SOFC as shown in Fig.1.2.[3]  For example, PEFC and PAFC are with proton-
conducting electrolyte while MCFC, SOFC and AFC conducts CO3
2-
 ions, O
2-
 ion, OH
-
 
ions, respectively.  Furthermore, these fuel cells can also be classified by the operating 
temperature, which plays a determining role in the fuel processing and electrolyte 
materials selections. AFC, PEMFC, and PAFC usually work at lower temperature and 
essentially require relatively pure hydrogen to be supplied to the anode ensuring the 
 4 
 
 
good overall power output. Compared with other types of fuel cells, MCFC and SOFC 
which operate at higher temperatures are capable of oxidizing not only hydrogen, but 
both CO and H2. It offers advantages in fuel diversity. 
 
 
 
Fig.1.2. Summary of the five main types of fuel cells and their characteristics. Reproduced 
with permission from ref 3. Copyright 2001 Nature Publishing Group.  
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1.3 Solid Oxide Fuel Cells  
Solid oxide fuel cells, as one type of fuel cells, have received wide research 
attention because they are one of the most efficient, environmentally clean and effective 
energy sources which convert chemical energy of a fuel gas directly into electrical 
energy. [4-6] All cell components are made of complex oxides and oxygen ion in SOFCs 
acts as charge carrier. Usually, high operating temperatures (800-1000 °C) is adopted to 
ensure an adequate ionic and electronic conductivity. 
The high operating temperature enables fast electrochemical kinetics of the 
electrode materials providing possibility to replace platinum catalyst. In addition, waste 
heat can be recycled and utilized for maintaining the system temperature resulting in 
even higher fuel utilizing efficiency. Because the high operating temperature enables the 
internal in situ reforming hydrocarbons, variable fuels including hydrogen, hydrocarbons, 
and H2/CO mixture gas can be used as a fuel in the cell.[7, 8] 
SOFC could be combined and stacked together to provide desirable voltage and 
power output for various applications including mobile, military, vehicle, auxiliary 
power unit, and large-scale stationary systems. One of the most promising applications 
for SOFCs is large stationary power generation plant (>100 MW) with coal as the 
primary fuel. In addition, SOFC portable charging systems for mobile devices such as 
smart phones, mobile handsets, digital cameras, MP3 music/video players, etc. came into 
market recently. It is expected to provide solutions to the challenges in finding clean 
energy technology for the world. 
 
 6 
 
 
1.3.1 Principles of SOFC  
SOFC, as an all solid state power system, generates electricity by conducting the 
electrochemical reactions at the electrodes. The fuel and the oxidant are supplied to 
porous catalytic anode and cathode respectively, and the existing electrochemical 
potential enables the chemicals to react. The dense electrolyte provides ion (negative) 
transport channels and avoid fuel and oxidant mixing and as shown in Fig 1.3. For 
example, oxygen will be reduced at the cathode via the half-cell reaction: 
2e
-
 + ½ O2 → O
2-
 
Thus O
2-
 ions will transport through the electrolyte and react with the fuel (for 
this case, hydrogen) at the anode to form a circuit. The electron flow will deliver portion 
of the reversible work of the reaction to the external circuit. The internal losses in the 
cell including the ohmic resistance of the electrolyte, as well as the overpotential losses 
at the anode and cathode, determine the percentage of reversible work converted to 
electrical work. [9] 
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Fig.1.3. Schematic diagram of a SOFC showing the roles of anode, cathode, and 
electrolyte.  
 
 
1.3.2 Nernst Equation and Irreversible Polarization Loss for SOFCs 
The reversible potential of fuel cells can be expressed by Nernst equation 1.1 as 
[10] 
                                                                          (1.1)                                         
It provides a relationship between the ideal equilibrium potential (E) and the 
ideal potential (E°) when the cell reaction takes place at a different partial pressure of 
reactants and products. From the Nernst equation, it is expected that the cell potential 
increases in the overall cell reaction when there is an increase in the partial pressure of 
the reactants and a decrease in the partial pressure of the products. For instance, by 
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increasing the oxygen and hydrogen pressures, the ideal equilibrium potential at a given 
temperature can be increased. 
Under the standard condition for SOFCs, the ideal potential of a fuel cell (E°) is 
1.229 volts which is proportional to the change in the standard Gibbs free energy in the 
fuel cell system. The actual cell potential is always lower than its equilibrium potential 
due to irreversible losses of polarization, and overpotential. They are divided into three 
main polarizations: activation polarization (ηact), ohmic polarization (ηohm) and, 
concentration polarization (ηconc) seen as in Fig 1.4.[11] In the low current density 
regime, the activation polarization is dominated by the rate of the electrochemical 
reaction in the electrodes which is mainly due to the oxygen reduction into oxygen ion 
process. The ohmic polarization which results from the resistance of oxygen ions 
transportation through the electrolyte becomes the main loss in intermediated current 
density regime. Finally, the concentration polarization corresponds to mass transfer 
between the flow channel and the active reaction zone. It becomes prominent in high 
current density regime where it is difficult to supply sufficient reactant flow to the cell 
reaction sites. 
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Fig.1.4. Actual and ideal cell potential in SOFCs. 
 
 
 
1.3.3 Advantages and Disadvantages of SOFC 
The advantages and disadvantages of the SOFC are based on its material 
selection, fabrication techniques, and different system requirements. [12] 
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First, compared with fuel cells based on liquid electrolytes, SOFCs have the 
advantages of vibration free, higher system efficiency, higher power density, and simpler 
designs than other types of fuel cell. Several main aspects of SOFCs benefits are listed 
as follows: 
(1) The high efficiency of SOFC could reach up to 70% in pressurized hybrid 
system compared with 30-40% efficient for engines and modern thermal power plants.  
(2) Additional power can be produced by taking advantages of its waste heat. 
(3) Because the byproduct is steam rather than liquid water, water management is 
not required. 
(4) SOFCs can be used to utilize various fuels including propane, butane, CO2, 
CH4, N2, and CO. 
On the other hand, due to a high operating temperature (800-1000 °C) in SOFCs, 
it decreases the cell lifetime and limit the materials selections, leading to increase the 
overall cost of the fuel cell substantially. The disadvantages of SOFC also include: 
(1) Material costs especially for interconnect and construction materials are high. 
(2) The degradation of the performance of stack components takes place due to 
the use of volatile chromium containing ceramics and alloys. 
(3) The high operating temperature leads to corrosion and breakdown of cell 
components. 
(4) It suffers from low start-up rate. 
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1.4 Thin Film SOFC 
Because of issues caused by high operating temperatures (800-1000 °C), 
intermediate temperature (600–800 °C) SOFCs are proposed to lower materials and 
manufacture cost, enhance structural integrity of the cells, extend selection of materials, 
and increase lifetime of the cells.[1, 3, 13, 14] However, the oxygen electrode 
polarization resistance significantly increases at low operating temperatures and ionic 
conductivity of electrolyte greatly reduces. Both become the major limiting factors in the 
overall performance of the intermediate temperature SOFCs. Thin film SOFC comes as 
one of the main research focuses for intermediate temperature SOFCs. For example, to 
overcome the ionic conductivity reduction at low temperature, one way is to reduce the 
electrolyte layer thickness by thin film approach. To replace the conventional thick YSZ 
electrolyte, several thin film deposition techniques including Chemical vapor deposition 
(CVD), PLD, sol-gel deposition and sputtering have been adopted to fabricate thinner 
electrolyte. [15-19] In the past few decades, there is a progressive trend towards 
fabricating thinner SOFC components, especially for electrolyte. It is a determining 
factor for enhancing SOFC performance, e.g., the thickness of the electrolyte must be 
reduced from ~200μm to a few microns to minimize the ohmic polarization loss and 
avoid the compromising power output at low operating temperatures. Thin film SOFC 
also has other advantages including easiness of processing, miniaturization and stacking. 
The schematic diagram illustrates three typical types of thin film SOFC configurations 
as shown in Fig 1.5. At least one component of the SOFC should be thicker than 30μm to 
ensure the structural integrity of the fuel cell. Compared with cathode-supported and 
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electrolyte-supported SOFC, anode-supported SOFC has superior performance because of 
thinner cathode and electrolyte, and low polarization resistance from thick anode disk. [20] 
 
 
Fig 1.5. Three types of thin film SOFCs configurations. 
 
 
1.5 SOFC Components  
Generally, SOFCs are composed of three main components: cathode, electrolyte 
and anode. The general requirements for electrode are high catalytic activity, high 
electric conductivity and high porosity to allow gas transport to the reaction sites. For 
electrolyte, it needs to be fully dense to separate the oxidant and fuel gas with good 
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mechanical stability and high ionic conductivity. In addition, all components should 
have the chemical/mechanical stability (e.g., chemical phase, morphology), chemical 
compatibility and comparable thermal expansion coefficient with other components. A 
summary of typical materials for SOFC components is listed as Table 1. 1. [21] 
 
 
Table 1.1. A summary of typical materials for SOFC components. 
Components Materials TEC (*10
-6
K
-1
) 
 
 
Electrolyte 
Ce0.8Sm0.2O1.9 11.4 
Ce0.8La0.2O1.9 11.8 
CeO2 11.8 
8 mol% YSZ 10.3 
 
 
Cathode 
LaMnO3 11.2 
La0.8Sr0.2MnO3 12.4 
La0.6Sr0.4Co0.2Fe0.8O3-x 12.5 
La0.5Sr0.5CoO3-x 20.0 
Anode Ni-YSZ 11-12 
 
Interconnect 
Fe-Cr-Ni alloy 15-20 
La0.8Sr0.2CrO3 11.1 
La0.9Cr0.1Mg0.1O3 9.5 
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1.5.1 Anode  
The anode materials have to meet a number of requirements including a stable 
porous microstructure where it allows the fuels easily transport to the electrolyte, 
desirable electronic and ionic conductivity, and good catalytic activity. In addition, they 
must be stable to avoid reactions with sulfur containing molecules and carbon dioxide 
when operated on hydrocarbon fuels. [22-24] In general, the selection of anode material 
depends on the properties of a specific electrolyte. The electrochemical reactions are 
thought to take place at the triple phase boundaries (TPBs) which are the boundaries of 
electrode, electrolyte and gas phase. In addition, it contains several physical and 
chemical processes including oxygen ion conducting, electron conducting, and the fuel 
gas phase diffusion and chemical reaction.[25] Schematic diagram of Ni/YSZ anode 
three-phase boundaries in Fig. 1.6 shows electronic and ionic charge transfer and 
chemical reactions at the boundaries. 
 15 
 
 
 
Fig. 1.6. Schematic diagram of Ni/YSZ anode three-phase boundaries shows charge 
transportation and chemical reactions. Reprinted with permission from ref 25. Copyright 
2007 Elsevier  
 
 
The majority of anode research has focused on a ceramic metal mixture of 
nickel/yttria zirconia (Ni/YSZ) cermet because of its good chemical stability, catalytic 
activity, and cost-effectiveness operated at a high temperature of 1000 ºC. Besides, the 
cermet mixture with YSZ helps to match thermal expansion coefficient (TEC) with other 
cell components stabilizing the microstructure. In addition, there is no solid state 
reaction between NiO and YSZ except at very high temperatures, [26] therefore, cermets 
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could be easily prepared by co-sintering NiO and YSZ followed by hydrogen reduction. 
Nickel is an excellent and cost-effective catalyst for both hydrogen utilization and steam 
reforming, but carbon deposition and subsequent dissolution in nickel particles takes 
place when it is exposed to sulfur atmosphere. [27] An alternate approach has been used 
to replace the Ni component with cobalt, copper and other noble metals or replace YSZ 
with ceria-based oxide, other perovskite oxide.[28-32] Although impressive 
development has been achieved for alternative anode materials, further study is still 
ongoing to address the problems including the low electronic conductivity and the low 
catalytic activity compared with nickel.  
A summary of the important requirements for the anode is given as follows[33]:  
(1) Retaining porous microstructure with good electronic/ionic conductive phases. 
(2) Comparable TEC with the electrolyte to avoid electrode cracking or 
delaminating.  
 (3) Low polarization resistance for electrochemical reaction. 
(4) Long term chemical and mechanical stability in reducing conditions at high 
temperatures. 
(5) High catalytic activity of the fuel so as to support electrochemical reaction 
with oxygen ions. 
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1.5.2 Electrolyte  
The SOFC electrolyte is a dense ceramic oxide layer with high oxygen ion 
conductivity which allows the kinetics of the oxygen ion transport to be sufficient for the 
cell performance. Mainly three electrolyte systems as yttria stabilized zirconia (YSZ), 
gadolinium- or samarium-doped ceria (CGO or CSO) and strontium, magnesium-doped 
lanthanum gallate (LSGM) have been widely investigated for SOFCs. A combination of 
the ionic conductivity and accessible minimal electrolyte layer thickness determines the 
minimal operating temperature of these systems. Assuming an electrolyte thickness of 
10 μm and an ionic conductivity of 1*10-2 S.cm-1, the minimal operating temperatures 
are ∼700 ºC for YSZ, ∼550 ºC for LSGM, and ∼550 ºC for CGO. [34] 
Yttria-stabilized zirconia (YSZ), as most common and well-studied electrolyte, 
has a high oxygen ion conductivity of 0.1 S/cm at 1000ºC.[35] Due to its low ionic 
conductivity, pure ZrO2 does not serve as a good electrolyte. The substitution of Y
3+
 on 
Zr
4+
 cation generates oxygen vacancies as well as stabilizes cubic fluorite structure. YSZ 
has good high temperature mechanical and electrical properties. However, it tends to 
react with perovskite oxide electrodes containing lanthanum at high temperatures which 
leads to formation of La2Zr2O7 resistive layers. In addition, the high operating 
temperature requirement limits material selections for SOFC components and reduces 
the life time of the cells.  
Particularly, LSGM exhibits high oxygen ion conductivity (0.12 S/cm at 800 ºC) 
and is more compatible with perovskite cathode materials, e. g., lanthanum cobaltite.[36-
38] However, the LSGM electrolyte suffers from the reaction with nickel electrodes 
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which causes incompatibility with anode materials. This drawback could be overcomed 
by adding a CeO2 buffer layer between anode and LSGM electrolyte. 
Ceria doped with rare earth metals oxide including 0.1-0.2 Gd2O3 and Sm2O3 has 
received wide research interests as an alternative electrolyte because of its high 
conductivity at lower temperatures than doped bismuth. [39, 40] Doped ceria oxides are 
more stable than bismuth oxides. However, the reduction of ceria from Ce
4+
 to Ce
3+
 
takes place in reducing conditions, leading to increased electronic conductivity and 
decreased theoretical voltage. As the operating temperature decreases, the width of the 
electrolytic domain will increase and the electronic conductivity is no longer a problem 
at 500 ºC.[22] 
Finally, the requirements of electrolyte for SOFC applications are summarized as 
below: 
(1) Chemical, morphological stabilities under the oxidation and reduction 
conditions. 
(2) Adequate ionic conductivity and low ohmic loss in the dual atmospheres. 
(3) Chemical compatibility with other components. 
(4) Full density to prevent gas cross-over and leakage. 
 
1.5.3 Cathode  
Cathode is a critical component in SOFCs because the oxidation reaction in 
cathode determines the overall efficiency of the fuel cell. [9, 41, 42] Typically, the 
cathodes must be porous to allow easy transportation of oxygen molecules to the 
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electrode/electrolyte interface. There are several material requirements for cathode. First, 
it must have high electro-catalytic activity and electronic conductivity to minimize the 
ohmic and polarization resistance. Electrons which are produced or consumed by the 
oxygen reduction reactions at the electrode surfaces must be transported to or from the 
external circuit. In addition, the electrodes should be chemically and mechanically stable 
at the operating temperature with respect to the electrolyte and the current collector. The 
thermal expansion coefficient of the cathode must match to that of the current collector 
and the electrolyte to give stable interfaces because SOFC is cycled between room 
temperature and the operating temperature. Moreover, the cathode must have stable 
microstructures such as constant porosity and surface area under operating conditions. 
Operation of SOFCs at intermediate temperatures (500-700 ºC) requires 
improved catalytic property and electric conductivity for cathodes. For example, at high 
temperatures (1000 ºC), the manganese oxide cathode material La0.9Sr0.1MnO3 (LSM) is 
chemically stable under oxidizing conditions, has a good thermal expansion match with 
YSZ and has adequate electronic conductivity.[43, 44] However, the cathodic 
polarization with LSM electrodes is substantially increased because of the poor ionic 
conductivity at lower operating temperatures. With reducing the temperature from 1000 
to 500 ºC, the polarization resistance of LSM gives an increase from <1 to 2000 ohm 
cm
2
 which is way outside of the practical range. New cathode materials with much lower 
polarization resistances and compatible thermal expansion coefficients are needed for 
SOFCs operating at intermediate temperature range. The cathode materials containing 
cobalt is restricted by their large thermal expansion coefficients (>20*10
-6
 K
-1
) compared 
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with that of the common electrolytes. The general requirements for the cathode are 
summarized below: [45] 
(1) High electronic conductivity under oxidizing atmosphere (preferably more 
than 100 S cm
−1
).  
(2) Chemical compatibility and similar thermal expansion coefficient (TEC) with 
the electrolyte and interconnect materials. 
(3) Porous microstructure allowing gaseous oxygen to readily diffuse through the 
cathode to the cathode/electrolyte interface.  
(4) Chemical and mechanical stability under an oxidizing atmosphere during 
fabrication and operation. 
(5) High catalytic activity for the oxygen reduction reaction (ORR).  
(6) Cost-effectiveness and easy processing. 
 
1.6 Thin Film Preparation Method 
The components of SOFC are prepared by chemical, physical methods and 
ceramic powder processes. Among them, screen printing method and pulsed laser 
deposition method are most widely adopted method to fabricate the cells. Considering 
different fabrication methods will result in different component microstructures and 
performances, the principles of screen printing method and pulsed laser deposition are 
reviewed followed by discussion about their advantages and disadvantages. 
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1.6.1 Screen Printing 
Screen printing, as one of the most conventional and widely used thin film 
fabrication methods for thin film cathode layer, allows for full 2-dimensional patterning 
of the printed layer. The main difference between screen printing and other printing and 
coating techniques is a large wet film thickness and a requirement for a relatively high 
viscosity and a low volatility of the coating solution. The process which is illustrated in 
Fig. 1.7 involves a screen of woven material (i.e. synthetic fiber or steel mesh) glued to a 
frame under tension.[46] The pattern is obtained by squeegeeing a highly viscous paste 
consisting of a mixture of ceramic powder, organic binder and plasticizer through the 
open meshes of a screen mask. Parameters including viscosity of the paste, screen 
printing angle, grain size, surface properties, screen tension and packing density of the 
powders have to be optimized. In order to ensure the adhesion between the screen 
printed films and the substrates, a high temperature thermal treatment is generally 
adopted. The sintering temperature, time and atmosphere are also important for high 
quality films.[47]  
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Fig. 1.7. (a) Schematic representation of the screen-printing process. Reprinted with 
permission from ref 46. Copyright 2009 Elsevier. (b) The typical screen printing mask 
and samples prepared by screen printing. 
 
 
The screen printing method offers an easy and cost effectiveness to prepare thick 
films; however, the heat treatment could lead to possible delamination and crack issue 
because of huge difference in thermal expansion coefficient between cathode and 
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electrolyte in SOFCs. [48] In addition, screen printing method is widely applied to 
prepare cathode films which require both porous microstructure and good adhesion with 
electrolyte. There is always a compromise between improved surface areas (lower firing 
temperature) vs. improved interfacial contact (higher firing temperature) for the cathode 
films prepared by screen printing method. Careful optimization is needed to achieve 
desired cathode performance. 
 
1.6.2 Pulsed Laser Deposition 
Pulsed laser deposition (PLD) is a physical vapor deposition technique where a 
focused pulsed laser beam with high density strikes a target of the material. This material 
is vaporized from the target to form a plasma plume because of laser induced heat and 
the plume containing  atoms, molecules, electrons, ions, clusters, particulates etc. will 
diffuse and deposit on a substrate as a thin film. This process can take place both in 
ultra-high vacuum and in the presence of a background gas. For example, oxygen 
atmosphere is commonly used for oxides deposition.  
Due to the high laser energy, it enables evaporation of all target materials with 
promising kinetic energy which results in good stoichiometry between the target and thin 
film as well as high quality film. In addition, there is little contamination in the system 
because of high vacuum process and the result is repeatable. Recently, PLD has been 
applied to fabricate thin film electrolyte or prepare the cathode with different 
microstructures including nanoporous, fully dense and vertically align nanocomposite by 
varying of deposition parameters, seen as Fig. 1.8.[17, 49-51] The electrode exhibits 
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superior performance with novel microstructure. However, PLD is limited by the low 
growth rate and high processing cost for processing cathode layer exceeding micron 
range.  
 
 
 
Fig. 1.8. The examples of different microstructure achieved by pulsed laser deposition (a) 
vertically aligned nanocomposite, (b) nanoporous film. Reprinted with permission from 
ref 50. Copyright 2007 Elsevier. 
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1.7 Challenges 
The previous sections introduce the background of SOFCs. Start from this 
section, the challenges of SOFCs will be presented followed by review of current 
research efforts on addressing those problems. The main challenge in SOFC is to 
balance the performance, cost and reliability. Conventional SOFCs operate at high 
temperatures between 800- 1000 °C to allow internal reforming and promote rapid 
electro catalysis without the need for precious metals such as platinum.[3] But high 
operating temperature limits the selection of materials and facilitates the degradation 
which comprises the cost and the reliability. [52, 53] Over the past couple of decades, 
research has been focused on lower of operating temperature to intermediate temperature 
range (600-800 °C) or even lower, which will benefit the cost and reliability, however 
decrease the performance. The main research interests right now focus on addressing the 
increasing polarization losses of cathode and ohmic loss of electrolyte at intermediate 
temperatures or even lower temperatures by exploring new materials and engineering the 
materials microstructure.  
 
1.8 Current Research Review on SOFCs  
1.8.1 Electrolyte Material Exploration  
For SOFCs, the selection of the electrolyte predicates the other components 
including cathode and anode in consideration of chemical and thermo-mechanical 
stability with the electrolyte. [52] Therefore, electrolyte material exploration is reviewed 
first in this section.  
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Because of its attractive ionic conductivity, stability in both oxidizing and 
reducing environments, and compatibility with the electrode materials superior stability, 
[53, 54] the typical electrolyte used in SOFCs system is yttria-stabilized zirconia (YSZ). 
The decent oxygen ion conductivity of YSZ at high temperature is due to partial 
occupancy of energetically equivalent anion sites of the fluorite structure as seen Fig. 1.9. 
For YSZ, the host cations Zr
4+
 are partially replaced by lower-valent cations Y
3+
 and the 
missing charges are balanced by the formation of oxygen vacancies in the oxygen ion 
crystal, resulting in desirable ionic conductivity. [55]  
The most commonly used composition for YSZ is 8 mol % Y2O3 stabilized ZrO2. 
The ionic conductivity could reach ∼0.1 S cm-1 at 1000 °C but this high operating 
temperature leads to significant problems with other components. However, the ionic 
conductivity of YSZ significantly decreases at lower operating temperatures due to the 
high activation energy of YSZ electrolyte. It hinders the further applications of low 
temperature SOFCs.  
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Fig. 1.9. The fluorite structure of solid oxide electrolyte. Reproduced with permission 
from ref 55. Copyright 2000 Nature Publishing Group.  
 
 
Because of its higher conductivity, Scandia-stabilized zirconia (ScSZ) is an 
alternative electrolyte to YSZ operated at intermediate temperature. [56, 57] Among all 
the zirconium oxides, 8-12 mol % Scandia doped ScSZ has the highest oxygen ion 
conductivities.[58] Arrhenius plots of the ZrO2-Ln2O3 systems showed curvatures 
characteristic of defect-dopant association and the ionic conductivity decreases with 
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increasing Ln
3+
 radius. The high ionic conductivity of ScSZ results from the low 
association enthalpy of defects because of the similar radii of Sc
3+
 and Zr
4+
. ScSZ (10-15 
mol %), with a rhombohedral structure, transforms to a cubic structure above 600 °C 
which can be stabilized at room temperature by adding small amounts of other dopants 
such as Y2O3.[59]  
The oxygen deficient ABO3 perovskite oxides offer another category of 
alternative candidates for SOFC electrolyte. A lanthanum gallate-based electrolyte is a 
typical example which has a similar thermal-expansion coefficient with yttria-stabilized 
zirconia (YSZ). [60] It was reported by Goodenough that oxygen ionic conductivity of 
σ > 1*10-2 S cm at 600 °C for La0.9Sr0.1Ga0.8Mg0.2O2.85. The apparent activation energy 
below 600 °C is 1.07 eV which is slightly larger than the 0.98 eV of YSZ and the 
conductivity behavior deviates from Arrhenius plot above 600 C. Subsequently, the ionic 
conductivity was optimized as a function of composition in more detail. [36, 61] The 
optimized composition was found as La0.8Sr0.2Ga0.83Mg0.17O2.815 with highest values of 
σ=0.17 and 0.08 S/cm at 800 and 700 °C, respectively. However, due to the low 
mechanical stability of LSGM and the high costs of gallium, problems raise by using of 
LSGM-electrolyte-substrates. In addition, Ga-evaporation in a reducing atmosphere as 
well as reaction between LSGM with NiO leads to severe problems at high operating 
temperatures. 
To address limitations of electrolyte operated at low temperature, ceria-based 
electrolytes such as gadolinia-doped ceria (GDC) which also has fluorite structure have 
been developed. Because of their high ionic conductivity and compatibility with high-
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performance electrode materials such as cobalt containing perovskite oxide cathodes, 
they have been attracted extensive research interests. An important disadvantage of 
doped ceria electrolytes is Ce
4+
 is partially reduced to Ce
3+
 under reducing conditions 
and become n-type electronic conductors leading to reduced output voltage. [62, 63] 
Different dopants and dopant concentrations were investigated to improve 
processing and stability of ceria-based electrolytes at low pO2, for example, 
Ce0.85Gd0.1Mg0.05O1.9, Ce1-aGda-ySmyO2-0.5a, Ce1-x-yGdxPrO2-z, and Ce0.8Sm0.2-xYxO1.9 
showed positive results for electrolyte stability.[64-67] The enhanced stability of 
electrolyte was achieved at the cost of an ionic conductivity reduction. Nevertheless, the 
results promoted addition studies to optimize the dopants and to understand how they 
affect the properties. Also, several transition metal oxides including MnO2, Fe2O3, and 
Co3O4 etc. were examined as effective sintering aids for the sintering of ceria electrolyte 
at lower temperature.[68-70] Although doped ceria was demonstrated as a promising 
electrolyte material compatible with high-performance cathode for fuel cells operating 
between 500-650 °C, more work is needed on addressing the low output voltage for 
ceria-based SOFCs. 
Bismuth-based electrolyte with a layered structure resulting in two-dimensional 
oxygen ion conduction has also been investigated. [71, 72]. Those oxides have superior 
oxygen ion conductivity compared with zirconia-based and ceria-based electrolyte seen 
as Fig. 1.10. For example, δ-Bi2O3, with a random distribution of oxygen ions in a 
fluorite-related structure, has desired ionic conductivity (>1 S/cm at 800 °C). However, 
it was stable only between 730 °C and its melting point (804 °C). It was demonstrated by 
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Takahashi et al. that the δ-phase can be stabilized to lower temperatures by partial 
substitution for Bi with Y2O3 and Er2O3 dopants. [73, 74]. Unfortunately, the rare earth 
oxide stabilized δ-Bi2O3 phases transformed to the vacancy-ordered rhombohedral phase 
leading to significantly decreased conductivity when the operating temperature reached 
above 600 °C. [75] The instability of bismuth oxide resulted from reduction to bismuth 
metal under reducing conditions becomes the biggest problem for practical application. 
Insert a more stable electrolyte layer (for example CGO or CSO) on the anode side to 
form bilayer electrolyte structures has been examined as an approach to solve this 
problem. [76] Recently, a new system as Dy0.08W0.04Bi0.88O1.56 (DWSB) was 
demonstrated as a promising electrolyte material operated at lower temperature 
(<600 °C).[52] But it is still needed to apply bilayer electrolyte structure to examine 
power output. In sum, the ionic conductivity of electrolyte usually comes as expense of 
stability. More work is required to be done to optimize and performance and balance 
performance with stability. 
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Fig. 1.10.  Comparison of ionic conductivity of various solid oxide electrolytes. 
Stabilized bismuth oxides (ESB-Er0.4Bi1.6O3 and DWSB-Dy0.08W0.04Bi0.88O1.56) show 
superior ionic conductivity compared with that of doped ceria (GDC-Gd0.1Ce0.9O1.95 and 
SNDC-Sm0.075Nd0.075Ce0.85O2- δ) and stabilized zirconia (YSZ-Y0.16Zr0.92O2.08). Reprinted 
with permission from ref 52. Copyright 2007 AAAS. 
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1.8.2. Microstructure Engineering of Electrolyte 
The oxygen ion conductivity of materials is also greatly influenced by their 
microstructures, i.e. grain size distribution and the properties of grain boundary. For 
example, grain boundaries are the crystallographic mismatch zones where mismatch of 
the lattices, impurities (or second phase segregation), space charge, or a combination of 
all of these determine the materials properties. [53] In many materials systems, grain 
boundaries provide a region of relatively rapid mass transport compared to the bulk 
properties of the crystallites. [77, 78] However, in zirconia and ceria-base electrolyte 
systems, the grain boundary ionic conductivity is expected to be lower than the bulk 
value due to the formation of electric space charge layers at grain boundaries. [79, 80] 
An unblocking grain boundary effect of ionic conductivity was observed recently. The 
ionic conductivity of YSZ thin film was found to increase with decreasing the film 
thickness to tens or hundreds of nanometer range. [81] In addition, the grain size 
dependence of conductivity has been investigated and higher ionic conductivity has been 
observed in nanocrystalline electrolytes.[82, 83] These results suggested that, when the 
grain size decreased to nanometer range, the ionic conductivity of the electrolyte could 
be dominated by interface transportation rather than intragrain transportation. 
Based on the above findings, a multilayer strategy has been applied to create 
heterogeneous interfaces and was widely used to study the interfacial effect of two ionic 
conducting systems.[84] For example, oxygen plasma-assisted molecular beam 
evaporation (MBE) is used to grow Gd-doped CeO2 and Gd-doped ZrO2 multilayers on 
Al2O3(0001), as shown in Fig. 1.11. [85] 
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Fig. 1.11. TEM micrograph showing a cross sectional view of an eight-layer Gd2O3-
doped CeO2 and ZrO2 film grown on Al2O3(0001). Reprinted with permission from ref 
85. Copyright 2005 AIP Publishing LLC. 
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In this system, microstructural defects, indicated by structural characterization, 
such as dislocations exist in the layers as well as at interfaces. Those defects result from 
the lattice mismatch between two materials. It was found that the overall oxygen ionic 
conductivities increased continuously with decreasing individual thickness while the 
total film thickness kept constant. There was maximal around one order of magnitude 
ionic conductivity increase compared to bulk conductivity of single-phase Gd doped 
CeO2. The effects of microstructural defects, which may increase the solubility of Gd in 
CeO2 layers or the mobility of the oxygen vacancies is proposed to be attributed to the 
conductivity increase. 
The hetero-epitaxial interfaces between ZrO2-based oxide and other insulating 
oxides including Y2O3, Lu2O3 and Sc2O3 were systematically investigated by Korte et al. 
in Janek’s group.[86, 87] By detailed comprehensive analysis of YSZ/Y2O3, YSZ/Lu2O3, 
and YSZ/Sc2O3 multilayers (YSZ denotes Y-doped ZrO2), they concluded that systems 
with moderate lattice mismatch were dominated by elastic strain: YSZ/Lu2O3 with a 
slight tensile strain, YSZ/Y2O3 with a significant tensile and Sc2O3 films with a 
significant compressive strain. For the oxygen ion conductor such as YSZ, there is an 
exponential dependence of the ionic conductivity σO
2-
int in the ionic conductor close to 
the interface on the migration volume ∆Vv
M
 of vacancies and on the lattice misfit f12:  
            ln(σO
2-
int/ σO
2-
vol) ~ ∆Vv
M
f12                                                                                  (2) 
where σO
2-
int/ σO
2-
vol is the ratio of ionic conductivity of the interface regime and the 
bulk.[88] Considering YSZ has a vacancy-type diffusion mechanism, the migration 
volume is usually positive.[87] Thus, a tensile strain favors the oxygen ion conductance 
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and a compressive strain hampers it. [89, 90] This strain dependent oxygen ion 
conductance features was found to be nicely fulfilled as Fig. 1.12.  
 
 
 
 
 
 
Fig. 1.12. Plot of the measured parallel conductivity enhancement as a function of misfit. 
[87] 
 
 
Recently, Garcia-Barriocanal et al. investigated lateral conductivities of epitaxial 
grown yttria-stabilized zirconia (YSZ) and SrTiO3 (STO) triple layers. [91] By 
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maintaining STO thickness as a constant value of 10 nm, the thickness of YSZ layer 
changed from 62nm to 1 nm. It was reported that the conductivity increases by two to 
eight orders of magnitude compared to bulk conductivity of YSZ and the activation 
energy decreased as YSZ thickness decreased. The authors proposed the enhancement 
due to direct or indirect effects of strain. Several following work has been carried on to 
study the strain and interface structure of YSZ/STO heterostructures. [92, 93] Those 
results suggest that tailor the interface structure by strain could open a new field to 
achieve high ionic conductivity. 
 
1.8.3 Cathode Material Exploration  
Cathode where oxygen reduction reaction takes place is believed to play a vital 
role in determining the overall SOFC performance. To illustrate the various coupled 
reactions and transport processes occurring at the different types of interfaces, two 
schematic models for the cathode reactions are shown in Fig. 1.13. For an electrode with 
low oxygen ion conductivity such as La0.9Sr0.1MnO3 (LSM), its behavior is described in 
Fig 1.13a. The steps of oxygen reduction reaction of cathode include diffusion of oxygen 
gas molecular onto pore spaces, oxygen dissociation, oxygen ion diffusion to the TPBs 
and ion transfer into the electrolyte. It is generally believed that the electrochemical 
reactions can only occur at the very confined area close to TPBs where the oxygen ion 
conductor, electronic conductor, and the gas phase come in contact.[94, 95] The oxygen 
reduction reaction cannot take place if there is a breakdown in connectivity in any one of 
the three phases. [9] 
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Compared with the reactions in poor ionic conducting cathode, a schematic 
illustration of reaction in a mixed conducting cathode is shown in Fig. 1.13b. In this case, 
oxygen molecules which diffuse into the porous structure are reduced to oxygen ions not 
only at the triple phase boundaries between the cathode material, electrolyte, and gas 
phase but at the surface of a mixed conducting cathode material. The reduced oxygen 
ions diffuse either along the surface to the electrolyte or through the cathode material. 
The transfer of those ions to the electrolyte is either across the solid-solid interface 
between the cathode and the electrolyte or in the vicinity of the triple phase boundary. It 
is expected that the mixed conductor would show lower polarization resistance because 
of the larger area available for reaction and ion transfer across the interface. Gas phase 
diffusion into the porous structure becomes important at high current density and it must 
be also considered. 
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Fig. 1.13. Schematic representations of different cathode reaction mechanisms. The 
cathode is a (a) poor or (b) good ionic conductor.[22] Reprinted with permission from 
ref 22. Copyright 2010 American Chemical Society. 
 
 
Exploring new cathode materials with lower polarization loss is based on 
intrinsic properties. For example, the cathode polarization resistance is described by the 
ALS model in terms of the electrode microstructure (tortuosity, porosity, and surface 
area), the oxygen ion diffusion coefficient (D), and the surface exchange velocity (k) at 
the appropriate oxygen pressure.[96] Several cathode material systems have been 
explored to enhance oxygen self-diffusion coefficient and oxygen surface exchange rate 
and typical examples are summarized as Table 1.2.[97] Those cathode oxide materials 
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are mainly with three types of structure including perovskite, K2NiF4, and ordered 
double perovskites. 
 
 
Table 1.2 Summary of oxygen self-diffusion and oxygen surface exchange data and 
overall conductivity for different SOFC cathode materials 
 D*/cm
2
s
-
1
 
T=500°C 
Ea
D
/eV
 
k*/cm
 
s
-1
 
T=500°C 
Ea
k
/eV
 
𝜎/(S*cm-1) 
T=500°C 
Ref 
La0.8Sr0.2MnO3-δ 4.5 *10
-20
 2.80 3.1 *10
-11
 1.30 120-130 [97, 98] 
La0.8Sr0.2CoO3-δ 9.0 *10
-14
 2.22 2.8 *10
-9
 1.32 1500-1600 [97-99] 
La0.5Sr0.5MnO3-δ 1.5 *10
-10
 1.41 3.9 *10
-7
 0.81 1300-1800 [97-99] 
La0.6Sr0.4Co0.2Fe0.8O3-
δ /Ce0.8Gd0.2O2-δ 
1.2 *10
-10
 1.39 3.3 *10
-9
 1.60 250-300 
[99, 100] 
Ba0.5Sr0.5Co0.8Fe0.2O3-
δ 
1.2 *10
-7
 0.50 1.1 *10
-6
 1.76 10-55 
[101] 
La2NiO4+δ 3.3 *10
-9
 0.56 7.0 *10
-9
 0.60 55-65 [102] 
La2CoO4+δ 2.5 *10
-8
 0.12 3.2 *10
-6
 0.03 1-5 [103] 
GdBaCo2O5+δ 2.8 *10
-10
 0.60 7.5 *10
-8
 0.81 550-925 [104] 
PrBaCo2O5+δ 3.6 *10
-7
 0.48 6.9 *10
-5
 0.67 400-700 [105] 
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1.8.3.1. ABO3 Perovskite Oxides 
 A significant number of oxide cathode materials with perovskite structure have 
been investigated for intermediate temperature SOFCs integrated with YSZ, CGO, and 
LSGM electrolytes. The general formula of perovskite-type oxide is ABO3, in which A 
and B is cation with a total charge of +6. The higher valence B cations (such as, Ti, Ni, 
Fe, Cr, Co, and Zr, etc.) are coordinated to six oxygen anions and occupy the much 
smaller space while A cations (such as, La, Ca, Sr, and Pb, etc.) are larger and 
coordinated to twelve oxygen anions. It is possible for full or partial substitution of A or 
B cations with cations of different valence to adjust its properties. The vacancies at the 
oxygen lattice sites can be introduced when the overall valence of the A-site and B-site 
cations (n + m) adds up to less than six and the missing charge is made up. [106, 107] 
Fig. 1.14 shows the typical structure of the cubic perovskite ABO3. 
Because of its high electrical conductivity, high electrochemical activity for the 
O2 reduction reaction, high thermal stability, and compatibility with YSZ, GDC, and 
LSGM at operating conditions in the 800-1000 °C range, the perovskite lanthanum 
strontium manganite (LSM) is still one of the most important cathode materials for 
SOFCs. In addition, LSM shows excellent long-term performance stability and 
microstructural stability among cathode materials. However, oxygen reduction reaction 
only takes place at the confined area closed to TPBs and its performance at lower 
operating temperatures needs to be improved. The current status of LSM is reviewed by 
Jiang in details.[108]  
 
 41 
 
 
 
 
Fig. 1.14. Unit cell representing the ABO3 perovskite structure.  
 
 
To expand the oxygen reduction reaction area and enhance the catalytic property, 
other perovskite cathodes with mixed electronic and ionic conductivities were developed. 
For example, A-site doped lanthanum ferrite perovskites (LSF) with adjustable thermal-
expansion coefficients are promising cathode materials operated at lower temperatures 
with YSZ. [109, 110] With a barrier layer of CSO, there was no formation of insulating 
phases such as La- and Sr-zirconates up to 1400 °C between Sr-doped lanthanum ferrite 
and YSZ.[111] Both A site doping of other alkaline earth metals (aluminum) and B site 
doping (nickel) have been studied for LSF and were tested in single cell and half-
cells.[112, 113] Aluminum doping did not change the intrinsic activity of the base LSF 
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materials, but it segregated to the surface, reducing or blocking the number of active 
catalytic sites. On the other hand nickel doping decreased catalytic activity.  
Cobalt containing perovskites (c.a. La1-xSrxCoO3-δ) exhibiting high mixed 
electronic and ionic conductivities and exceptional electrochemical activity for oxygen 
reduction become interesting candidates for intermediate temperature SOFCs. 
Unfortunately, they react with conventional YSZ electrolyte at low temperatures (700 °C) 
to form insulating phases and degrade the fuel cell performance. In addition, there is 
huge thermal expansion coefficient difference between cobalt containing perovskites and 
electrolytes (YSZ, LSGM, etc.)
 
resulting in a delamination at the cathode/electrolyte 
interface or cracking of the electrolyte. [114] The area specific resistance (ASR) and 
TEC are expected to decrease by substituting the La cation with an alternative cation 
such as Gd, Pr or doping Cu, Mn into the Co sites. [45] Cobalt containing perovskites 
have chemical stability with doped ceria electrolyte. Because of its high catalytic activity 
at temperatures in the 500-700 °C range, the main application of cobaltites is as cathode 
in SOFCs at this temperature range where the kinetics of the oxygen reduction reaction 
limit the overall cell performance. The Fe-doped cobalt containing cathodes with an 
optimized composition La0.6Sr0.4Co0.2Fe0.8O3-x have been developed for application with 
CGO operating at 550 °C. [115, 116] In this system, the cobalt provides the desirable 
catalytic while large iron content reduces the thermal expansion. 
SmxSr1-xCoO3 (SSC) and Ba0.5Sr0.5Co0.8Fe0.2O3-x (BSCF) are two other cobalt 
containing perovskite exhibiting exceptional performance with ceria or LSGM in SOFCs. 
Both single phase SSC and SSC composite cathodes including SSC-
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La0.8Sr0.2Ga0.8Mg0.2O3 (LSGM) and SSC-Gd0.1Ce0.9O1.95 (CGO) exhibited good catalytic 
activity. [117, 118] In order to reduce the thermal expansion coefficient of SSC and 
optimized its performance, iron-doped SSC cathodes have also been studied by crystal 
structure, thermal expansion coefficient, electrical conductivity, and cathode polarization. 
[119] 
BSCF, as an excellent oxygen permeation membrane material in the last decade, 
was first applied by Haile and Shao as a cathode material in a solid oxide fuel cell.[120] 
The area specific resistances of BSCFO cathode on a Sm0.2Ce0.8O1.9 electrolyte-based 
fuel cell reaches as low as 0.055-0.071 ohms cm
2
 at 600 °C, and 0.51-0.60 ohms cm
2
 at 
500 °C. It raised much research interest as a promising cathode and has been studied by 
several groups. Zhou et al. reviewed the current status of BSCF system.[121, 122] 
Further studies showed that addition of silver improved the performance of BSCF 
electrodes because silver with high oxygen mobile helped oxygen ion migrate to the 
electrolyte-electrode interface resulting in excellent cathode performances reported.[122] 
However, the high TEC of BSCF (20×10
−6
 K
−1
 between 50 °C and 1,000 °C) indicates 
that thermal cycling could be problematic for cells using this cathode material.[45] Make 
composite cathode BSCF by introducing certain amount of electrolyte is possible to 
solve the issue of thermal expansion, but it reduces the BSCF performance. 
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1.8.3.2. K2NiF4 Structures  
Because of the high diffusivity of the interstitial oxygen ions, oxides with the 
perovskite related K2NiF4 structure such as Ln2NiO4+x, (Ln=La, Pr, Nd) are of interest 
for SOFC cathodes. [123] The structure of K2NiF4, seen as Fig. 1.15a, can be described 
as a succession of ABO3 perovskite layers alternating with AO rock salt layers.  
 
 
 
Fig. 1.15. (a) Polyhedral view of a K2NiF4 structure consisting of a succession of ABO3 
perovskite layers alternating with AO rock salt layers. (b) Schematic illustration of a 
double perovskite structure with composition AA’Co2O5+x where B ions are coordinated 
in pyramids (BO5) and octahedra (BO6) with oxygen vacancies along (1 0 0) in the A 
plane. Reprinted with permission from ref 97. Copyright 2010 Royal Society of 
Chemistry. 
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The incorporation of interstitial oxygen anions into the rock salt layers where 
they are tetrahedrally coordinated by La
3+
 cations results in the oxygen excess in 
La2NiO4+x cathode. For example, x can reach as high as 0.18 in La2NiO4+x and the 
maximum value of x is 0.22 in Pr2NiO4+x at ambient temperature. Besides its high 
oxygen mobility and a relatively low lattice expansion induced by variations in 
temperature and oxygen partial pressure, [124] there is reasonably matched thermal 
expansion coefficient between La2NiO4+x compounds (11-13*10
-6
K
-1
) and the widely-
used electrolytes including YSZ, CGO, LGSM etc. For K2NiF4 structure oxides, 
substitutions on both the La and Ni sites of the La2NiO4+x compounds can enable a wide 
range of different transport properties. Effect of doping at the La position with alkaline 
earths have been investigated by several systems.[125] The surface exchange and self-
diffusion coefficient of La1-ySryNiO4+x, y=0.0, 0.1 were measured by isotope exchange 
and depth profiling in the temperature range 640-842 °C.[126] It was found that the 
oxygen diffusivity of La1-ySryNiO4+x was higher than that of LSCF and 1 order of 
magnitude lower than mixed conductor La0.3Sr0.7CoO3-δ (LSCO). Also, electrical 
properties of La2NiO4+x was reported to show metallic behavior by strontium doping and 
its conductivity increased with increasing strontium doping content which reaches 273 S 
cm
-1
 at x=0.75. [127] For (Pr,La)2NiO4+x solid solutions, impedance measurement results 
indicated that they were more compatible with CGO than YSZ because of interfacial 
reaction between the electrode and YSZ electrolyte leading to an order of magnitude 
higher polarization resistance. In addition, substitution of Ni with other transition metal 
including Cu and Co has been studied and showed promising intrinsic properties.[128, 
 46 
 
 
129] However, the performance of SOFCs prepared with La2NiO4+x cathodes falls below 
the expectation although they show decent intrinsic properties. Therefore, further 
research is required to examine the causes.  
 
1.8.3.3. Ordered Double Perovskites  
The ordered double perovskite oxides represented by the general formula 
AA’Co2O5+x (A = rare earths, Y and A’ = Ba, Sr) attract extensive research attentions 
because of rapid oxygen ion transport and fast surface exchange. [130] As seen in Fig. 
1.15b, these compounds with the “112” type structure are consisted of double layers of 
square pyramidally coordinated cobalt cations and the Ba
2+
 cations stand in the Co 
double layers which are separated by layers of lanthanide cations. PrBaCo2O5+x and 
NdBaCo2O5+x (x= 0.92, 0.18) are representative examples of this class of compounds 
with ordered double perovskite structures. [131, 132] 
Although there is a considerable literature on the structural chemistry and low-
temperature properties of the ordered double perovskite, it starts to be considered as 
suitable cathode until the high-temperature properties of GdBaB2O5+x (B=Mn, Co) was 
reported by Taskin et al. which exhibits high rates of oxygen transport and fast surface 
exchange kinetic.[133] Independently, both thin films and bulk properties of 
PrBaCo2O5+x were measured and showed high oxygen diffusivity and rapid surface 
exchange kinetics which could result in very low area specific resistance of electrodes. 
[134, 135] At 600 °C, the measured area specific resistance of the composite cathode 
could reach as low as 0.15 ohm cm
2
.[136] 
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One of the potential limiting factors for application of barium-containing systems 
is their susceptibility to carbonate formation in the presence of CO2. The AC impedance 
spectroscopy was used to investigate the electrode performance of LnBaCo2O5+d below 
700 °C and the results showed a reaction with CO2. [137] It was studied by Tarancon et 
al. GdBaCo2O5+x cathodes are found to stabilize in atmospheres of CO2 (500 ppm to 
100%) at that temperatures up to 700 °C and it exhibited excellent performance with 
both CGO and LSGM electrolytes.[138] Recently, the composite cathodes performance 
of REBaCo2O5+x (RE=La, Pr, Nd, Sm, and Eu) were investigated by CGO electrolyte-
supported symmetrical cell and the results indicated that the polarization resistance of 
those electrodes decreased as the ionic radius decreased from La to Eu. [22] 
Although those electrode microstructures were not optimized, the polarization 
resistances are still low. For example, the ASR values of EuBaCo2O5+x+CGO electrode 
are 0.095 ohm cm
2
 at 700 °C and 0.49 ohm cm
2
 at 600 °C. [139] It was investigated by 
Manthiram et al. that the properties of REBaCo2O5+x oxides with RE= Nd, Gd, Sm, and 
Y as cathodes in single-cell SOFCs were observed to decrease with decreasing size of 
the rare earth ions.[140] In addition, ASR value of SmBa0.5Sr0.5Co2O5+x electrodes in a 
symmetric cell using CGO was obtained as 0.092 ohm cm
2
 at 700 °C. By Sm and Sr 
doping, the thermal expansion coefficient decreased from>20*10
-6
K
-1
 to 13.6*10
-6
K
-1
 at 
700 °C in the composite and improved the chemical stability of cathodes in contact with 
both CGO and LSGM electrolytes.[141] The reduce thermal expansion coefficient could 
be also achieved by substitution cobalt by Ni in NdBaCo2-xNixO5+x system where TEC 
showed 16.7*10
-6
K
-1
 while the cathode performance maintained in a single SOFC.[142]  
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Although the double perovskites show promising properties for application as 
SOFC cathode, only limited data and a small number of compositions are available at 
this stage. Considering the structure of ordered double perovskite materials is anisotropic, 
they typically exhibit different ionic and electronic transport properties along different 
crystallographic directions. Therefore, the use of ordered double perovskite cathodes 
with well oriented thin films could enhance the observed decay of their excellent 
anisotropic properties; on the other side, the cathode performance averages in all 
directions for polycrystalline structure of randomly oriented grains. More optimization 
work needs to be done for the real applications.  
In the last several two decades, significant advances have been achieved for 
exploration of new cathode materials for intermediate temperature SOFC; however, 
there are still several limitations for cathode materials selection. First, due to the inherent 
complexity of oxygen reduction reaction and convoluted nature of electrochemical and 
chemical processes, it is very difficult to provide a step-by-step description. From the 
state-of-the-art model, oxygen reduction reaction is expected to be simultaneously 
limited by at least four physical processes including ad(b)sorption of oxygen, ambipolar 
transport to the solid-solid interface, interfacial electrochemical kinetics, and ionic 
transport in the ionic sub-phase.[9] The quantification of the contribution for each 
process is unable to process hindering future design of new cathode materials. Second, 
there is a generally much bigger thermal expansion coefficient for those new cathode 
materials exhibiting better catalytic properties and faster surface exchange rate. It brings 
the problem about integrity of the new cathode materials with conventional electrolyte 
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such as YSZ, CGO and LSGM. How to balance the performance with stability is another 
issue needed to be addressed. In addition, another neglected issue is that all cathode 
materials suffer from nonstationary behavior like degradation. However, there is limited 
data for the degradation behavior and the reported performances of SOFC cathodes vary 
significantly from lab to lab making it difficult to compare. If these experiment variables 
were better identified and standardized, it would not only aid cathode development but 
benefit fundamental research.  
 
1.8.4 Microstructure Engineering of Cathode 
Besides developing new cathode materials with enhanced intrinsic properties, 
engineering its microstructure provides another approach for enhancing cathode 
performance. For the conventional cathode like LSM, the oxygen reduction reaction only 
takes place at the confined area of TPB. Therefore, the strategy for those materials is to 
expand the TPB length so as to increase of the number of active reaction sites and 
improve electrode performances. Different methods including reduce the grain size, 
optimize the sintering process, and adopt new approaches to fabricate nanoporous LSM 
cathode etc. are used to increase the LSM cathode performance.[143-145] For the mixed 
conducting cathode, the oxygen reduction reaction expands to certain thickness (microns 
range) of the cathode, nanostructured electrode with significantly higher surface areas 
exhibits superior electrochemical properties. The wet impregnation method which has 
been developed in recent years has showed promise in preparing nano grain size cathode 
with enhanced surface area.[146] For example, it was found by Vohs et al. that 
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preparation an LSM-YSZ cathode by the infiltration method exhibited outstanding 
electrochemical performance.[147] Also, infiltrated Sm0.5Sr0.5CoO3 − x – Ce0.9Gd0.1O1.95 
composite cathode showed low polarization resistance of 0.1 ohm cm
2
 at 600 °C.[148] 
The impregnation of nanoscale particles which form connected networks in solid oxide 
fuel cell electrodes significantly increased the reaction sites so as to decrease the 
resistance of the oxygen reduction reaction within cathodes. However, the durability of 
cathodes prepared by infiltration method raise a big concern over long periods at high 
temperatures because the nanosized particles tend to aggregate at a high temperature. In 
addition, different microstructures and properties of cathode will be achieved with 
different synthesize methods. For example, compared with materials prepared by a 
conventional solid-phase reaction, a sol–gel or glycine–nitrate combustion method 
prepares the materials with much smaller grain size and higher surface area resulting in 
better cell performances.[149, 150] Before considering incorporation into practical 
applications, the feasibility of scale-up and cost of these processes must be taken into 
account. 
To minimize the TECs mismatch and increase the cathodic performances, 
cathodes graded in compositions were designed and fabricated for SOFCs where the 
composition and electrode properties changed smoothly from one phase (LSM) to 
another phase (LSC).[151, 152] It was reported that the gradually changed composition 
with graded interface resulted in better cell integrity and enhanced cell performance. The 
functional graded cathodes were deposited on YSZ electrolytes by screen-printing, slurry 
spray, and slurry coating with improved electrochemical performances.[153-155] The 
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cathode/electrolyte interfacial polarization resistances decreased and power density 
increased by applying graded cathode, however, the long-term stability of those 
electrodes need further examination.  
On the other hand, interface modification by implementing a thin interlayer to 
lower the reaction barrier and increase the catalytic reaction probability provides another 
promising approach for enhancing cell performance and durability.[51, 156] A 
La0.5Sr0.5CoO3-δ /Gd0.1Ce0.9O1.95 vertically aligned nanocomposite (VAN) interlayer has 
been applied between the cathode and the electrolyte, seen as in Fig. 1.16. It effectively 
increased the cathode/electrolyte interface as well as the TPBs length resulting in 
enhanced power density of the cells. [51] Those results suggest that the microstructural 
variations in the electrolyte and the electrode could affect the reaction kinetics of the cell, 
lower the polarization resistance at the electrode/electrolyte interface and enhance the 
power output in SOFCs. [41, 49, 95, 157]  
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Fig. 1.16. (a) Schematic illustration of a symmetric cell and a VAN interlayer where 
‘‘L’’ and ‘‘C’’ stand for LSCO and CGO columns, respectively. (b) High-resolution 
TEM images of a typical LSCO/CGO VAN structure grown by PLD on STO substrate. 
Reprinted with permission from ref 51. Copyright 2009 John Wiley and Sons. 
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1.9 Solid Oxide Reversible Fuel Cells (SORFCs) 
Besides SOFC, Solid Oxide Reversible Fuel Cells (SORFCs), as one of 
promising energy conversion and storage device, have attracted extensive research 
interests.[158] SORFCs can utilize the heat and electrical power to produce fuel and 
store energy in other fuel form.[159] Furthermore, other renewable energy sources 
including solar energy, wind energy and nuclear energy could combine with SORFC 
systems to store energy in the form of hydrogen.[160] All of those benefits enable 
SORFCs have a wide range of applications on clean energy. 
Similar to SOFCs, SORFCs have cell structure composed of hydrogen electrode, 
electrolyte and oxygen electrode and the criteria of materials selection are very alike. 
One major challenge for SORFCs is that the oxygen electrode polarization resistance 
significantly increases at low operating temperature. However, the high operating 
temperature leads to fast degradation rate and limitation of materials selection. Another 
main issue for SORFCs is the interfacial electrical and mechanical degradation of 
oxygen electrode. It was investigated by Liu et al. that the interface degradation of 
LSM/YSZ electrode has been identified as the loss of TPBs length and formation of 
secondary phase.[161] In addition, Knibbe et al. examined the degradation behavior of 
oxygen electrode and delamination or hole/pore formation along the grain boundaries of 
YSZ electrolyte close to the LSM/YSZ oxygen electrode was observed under high 
current densities.[162] The degradation mechanism proposed by Virkar and Chen was 
due to insufficient interfacial ionic conductivity between electrolyte and oxygen 
electrode causes high internal oxygen pressure. It leads to tensile strain close to the 
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oxygen electrode/electrolyte interface and formation of hole/pores or delamination.[163, 
164] Therefore, more work about interfacial engineering the electrode/electrolyte 
interface and the durability test of SORFCs need to be done to test and improve their 
performance. 
 
1.10 Summary 
Because of its high efficiency and low emission, the SOFC technology is very 
attractive as the demand of energy generation systems. To bring the SOFCs operating 
temperature to intermediate range is needed for foreseeable industrial applications. As 
the SOFC operating temperatures decrease, the significant increased cathode 
polarization loss and electrolyte ohmic loss becomes one of limiting factors for the 
SOFC efficiency. Great efforts have been focused on exploring new materials and 
engineering microstructure of cathode, electrolyte and cathode/electrolyte interface to 
achieve enhanced SOFC performance at low operating temperatures. In addition, prepare 
reliable electrolyte with thickness in micron ranges is developed using thin film 
techniques to increase its ionic conductivity and improve the power output of the cells. 
Furthermore, the fundamental mechanism for the limitation factors of the oxygen 
reduction reaction in cathode with different microstructure and thickness is needed to be 
understood for new materials design and future development. In this aspect, the thesis 
focuses on the following research directions:  
In the first part of the main content (Chapter III), a pulsed laser deposition (PLD) 
technique and a screen printing method are combined to prepare a bi-layer 
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La0.5Sr0.5CoO3 (LSCO) cathode. Those bi-layer cathodes have been demonstrated with 
excellent adhesion, porous microstructure and much lower polarization loss than that of 
the single layer cathode.  
In order to understand the effects of those bi-layer cathodes, in the second part of 
the thesis (Chapter IV and V), detailed PLD interlayer thickness and partial oxygen 
pressure AC impedance study are carried on. The guidelines for designing high-
performance bi-layer cathodes with optimum performance and low cost are proposed. 
Besides the polarization loss of cathode, ohmic loss of electrolyte is another main 
loss. To increase the ionic conductivity of electrolyte without comprising its stability, 
two-phase (Ce0.9Gd0.1O1.95)0.5/(Zr0.92Y0.08O1.96)0.5  nanocomposite electrolyte with 
vertically aligned structure are demonstrated for thin film solid oxide fuel cells in the 
third part of the main content (Chapter VI). More than 50% increase in overall power 
density is achieved compared with that of the cells without VAN electrolyte. 
In the fourth part of the thesis (Chapter VII), a vertically-aligned nanocomposite 
(VAN) interlayer approach is adopted for solid oxide reversible fuel cells to broaden the 
scope of application of microstructure engineering. The design of a La0.8Sr0.2MnO3-
δ/Zr0.92Y0.08O2 thin interlayer between the electrolyte and oxygen electrode is 
demonstrated which significantly improves the overall cell performance and also acts as 
a transition layer facilitating adhesion and relieving both thermal stress and lattice strain. 
The goal of the efforts in this thesis is to lower the SOFC processing cost, enhance the 
cell performance, and improve the cell durability. 
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2. RESEARCH METHODOLOGY 
 
2.1 Pulsed Laser Deposition  
Laser is an acronym for "Light Amplification by Stimulated Emission of Radiation". 
Basically, to generate a very collimated, monochromatic and coherent beam of laser, 
three key elements, resonance structure, gain medium and pumping source are needed to 
be combined in a system. In the pulsed laser mode, the output of a laser varies with 
respect to time in the form of alternated 'on' and 'off' periods. The laser has widely 
applications in many areas including military, medical, metallurgy and semiconductor 
manufacturing. Especially, pulsed laser deposition (PLD) has been successfully 
developed in the past 30 years and becoming one of broadly applicable techniques for 
ceramic thin film deposition.[165, 166] 
Physical vapor deposition (PVD), condensation of vaporized materials from the 
target onto various surfaces in a vacuum chamber, is a variety of thin film deposition 
methods. PLD, as one of the standard PVD techniques, is with very simple system setup. 
As seen in Fig. 2.1, a typical PLD system basically consists a substrate holder and a 
target holder in a vacuum chamber which maintained by a first level mechanical pump 
and a second level turbomolecular pump.[167] The bulk ceramic targets are placed with 
an incident angle of 45º to the laser beam and right confront to the substrate holder. A 
high power pulsed laser, used as external energy, will shot onto the target surface 
vaporizing the materials which transport onto the substrate surface. The distance 
between deposited substrate and the target is usually maintained at ~ 5 cm. The 
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temperature of substrate holder can be maintained from room temperature to ~1000 °C 
by precisely temperature control which can be achieved with embedded computer 
controlled thermal couples. High quality and epitaxial thin films can be achieved with 
proper film grown parameters including the substrate temperature, laser energy density, 
pulse repetition rate and proper working gas.  
 
 
 
Fig. 2.1. Schematic illustration of a single target pulsed laser deposition system. 
Reprinted with permission from ref 167. Copyright 1990 AIP Publishing LLC. 
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General speaking, the useful range of laser wavelengths in PLD is between 200nm 
and 400nm for thin film growth. Excimer laser and Nd
3+
:YAG lasers are most widely 
deposition source for PLD. Yttrium aluminum garnet (YAG) lasers, as solid-state 
systems, generate high output laser energies by using two YAG rods in an oscillation 
modes, while the excimer is a gas laser system where the excimer molecules are formed 
by mixture their component gases. KrF which is one of the highest gain systems for 
electrically discharged excimer lasers with 248 nm wavelength has been used in this 
work. In order to steer and focus the beam, a set of optical components including lenses, 
apertures and mirrors are placed in between the output of laser and the deposition 
chamber. The beam splitters can be used to split the laser beam into two or more 
separate beams which can help build multiple deposition systems with multiple 
chambers but sharing with only one laser source. 
PLD, as an extremely versatile technique, can be used to prepare a wide range of 
thin film materials. Compared to its simple experimental setup, the PLD technique has a 
complex physical phenomenon. It involves several complicate chemical and physical 
processes including the laser-target interaction, the interaction of laser beam with 
evaporated materials and adiabatic plasma expansion combining both equilibrium and 
nonequilibrium processes. The electromagnetic energy of the incident laser will first 
converted into electronic excitation and then into thermal, chemical and mechanical 
energy once a laser beam was hit on a target surface. These energy transactions will 
result in material evaporation, ablation, excitation, plasma formation and exfoliation. A 
plume which consists of a mixture of energetic species including small particles, molted 
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globules, clusters, molecules, atoms, ions, and even electrons will formed by the material 
evaporation.  
In 1990, the basic PLD physical principles is descripted by R. K. Singh and J. 
Narayan systematically in the following subsections.[168] The physical stages in PLD, 
separated as three separate regimes, are the laser-target interactions during and after the 
laser radiation. Those three regimes include: 1) the interaction of the laser beam and the 
target material resulting the evaporation of the surface layers, 2) the interaction of the 
evaporated material with the incident laser beam resulting an isothermal plasma 
formation and expansion, and 3) the anisotropic adiabatic expansion of the plasma 
leading to the characteristic nature of the laser deposition process. The first two regimes 
take place at the beginning of laser radiation and through the laser pulse duration (~25 ns 
duration). Right after the laser pulse terminates, the last adiabatic expansion happens. 
Fig. 2.2 illustrates the first laser-target interaction regime during the short pulsed laser 
period. 
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Fig. 2.2. Schematic illustration of the laser target interaction stages during the short 
pulsed laser period.[168] Reprinted with permission from ref 168. Copyright 1990 The 
American Physical Society. 
 
 
The interaction between laser pulses and target material causes the melting and 
evaporation of the surface layers. The interaction will be affected by both the pulsed 
laser and target material properties. A one-dimensional heat flow equation can be 
applied to simulate the case of three-dimensional heat flow and to address the heating 
and melting process with appropriate boundary conditions. The heat flow equation is 
given by: 
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where t is the time, i refers to the solid and liquid interfaces, x is the direction 
perpendicular to the sample, ( )i T  is the temperature dependent density, ( )pC T  is the 
thermal heat capacity, a(T) is the absorption coefficient, R(T) is the temperature 
dependent reflectivity, I0(t) is the time dependent incident laser intensity and Ki is the 
thermal conductivities of solid and liquid phases at the interface. The accurate numerical 
solutions of this equation can be provided by the finite difference method to characterize 
the properties of pulsed laser irradiated material. 
The high-power pulsed laser beam irradiation on target surface resulting in a high 
temperature (>2000K) will further lead to an emission of the positive ions and electrons 
out of the surface. From the Richardson’s equation, the emission of electrons can be 
described in exponential increasing as a function of the temperature. And the Langmuir-
Saha equation can be used to calculate the thermal emission of ions from shown as 
below: 
 ( )
0 0
I KTi g e
i g
                                                                                                       (2.2) 
where i  and 0i  are the positive and neutral ion fluxes respectively,   is the electron 
work function, g  and 0g  are the statistical weight of the positive ionic and neutral 
states, respectively, and I is the ionization potential of the evaporated material.  
Higher density ions will be produced near the surface of the target while the plasma 
regime is being constantly augmented at the inner edge by the evaporated materials. 
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Because the outer edge of the plasma regime is transparent to the laser beam, the target 
surface will continually absorb energy from laser radiation. A schematic illstration in Fig. 
2.3 shows that there are totally four different regions could be distinguished as during 
the incidence of the laser: 1) the unaffected bulk target, 2) the evaporating target surface, 
3) the area near the surface absorbing laser beam energy and 4) the rapidly expanding 
outer edge which is transparent to the laser beam.[168] 
 
 
Fig. 2.3. Schematic illustration shows the four different phases presented during the 
laser-target interaction. Reprinted with permission from ref 167. Copyright 1990 AIP 
Publishing LLC. 
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The adiabatic expansion of the plasma in vacuum working chamber will give rise to 
the laser-deposition process after the plasma formation and its initial isothermal 
expansion. In this regime, the heat is converted to kinetic energy of the plasma and the 
velocity of the plasma will decrease as the thermal energy of the plasma will increase. 
Mainly there are two points which can help address the slow temperature drop. First of 
all, the energy regain from ions recombination processes balances the cooling process. 
Secondly, the plasma expands only in one direction considering the initial dimensions 
are much larger than the transverse directions in an order of 10s. The final stage of PLD 
includes the deposition of ablated materials onto the substrate and its nucleation and 
growth as thin film on the substrate surface. The quality of the deposited thin film is 
determined by this stage. The high energy ejected species by laser-target interaction may 
induce various damages on the substrate. The energetic species will lead to sputtering of 
the substrate surface atoms and formation of a collision region between the incident flux 
flow and the sputtered atoms. Thin film starts to grow on the substrate when the 
condensation rate is higher than that of the flux and a thermal equilibrium condition can 
be reached.[169] 
Equipped with other techniques will bring the future development of the PLD 
technique. For example, the precise growth rate control on an atomic level can be 
achieved with the introduction of high-pressure reflection high-energy electron 
diffraction (RHEED) in PLD and a in situ growth study can become possible.[170] And 
the development of ultrafast laser (<10
-11
/s pulses) can result in a fully atomized 
continuous flow of the ablated material, preparing films with super quality. Also, PLD 
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would be able to coat large size substrates (>200mm) given the recent results obtained 
with coated-conductor systems. And PLD equipment and new products for both R&D 
and production are being commercialized at a steady pace.[166] 
 
2.2 Thin Film Microstructure and Crystalline Characterizations 
The characterization methods for deposited thin films in this thesis include non-
destructive and destructive techniques allowing the determination of microstructure, 
crystalline quality, defect and impurities presence, etc.  
 
2.2.1 X-ray Diffraction (XRD) 
X-ray diffraction (XRD), as a very convenient, versatile and non-destructive 
technique, reveals detailed chemical composition and crystallographic structure 
information of natural and manufactured materials. Once a monochromatic X-ray beam 
strikes on a material, it will diffract into different specific directions. A three-
dimensional plotting of the crystal can be simulated from the angles and the intensities 
of the diffracted beams. It offers not only an effective approach to determine the 
orientation of a single crystal or grain but also help identify the crystal structure of an 
unknown material or even measure the size, shape and internal stress of small crystalline 
regions.[171]  
Bragg's Law, as the most fundamental formula, refers to the simple equation as 
below: 
2 sinn d                                                                                                           (2.3) 
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Where the variable d is the distance between atomic layers in a crystal, and the variable 
lambda (λ) is the wavelength of the incident X-ray beam; n is an integer shown in Figure 
2.4. It explains why X-ray beams at certain angles of incidence are reflected by the 
cleavage faces of crystals. [172] 
 
 
 
Fig. 2.4. (a) A two dimensional periodic array of atoms forming different planes in the 
crystal, (b) diffraction of a set of planes with inter-plane distance d followed by Bragg’s 
Law. 
 
 
The Bragg's Law conditions are satisfied by different d-spacings in materials by 
varying the angle theta. The XRD patterns which are characteristic of the sample are 
produced by plotting the angular positions and intensities of the resultant diffracted 
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peaks of radiation. When a mixture of different phases is present, the resultant diffract 
patterns are formed by addition of the individual patterns. Although Bragg's Law was 
developed to explain the interference pattern of X-rays scattered by crystals, other beams 
including ions, electrons, neutrons, and protons with a wavelength similar to the distance 
between the atomic or molecular structures of interest could be examined by diffraction 
to study structure of all states of matter.  
Thin film x-ray diffraction refers to an x-ray diffraction techniques collection which 
is used to characterize thin film samples. The thin film epitaxial quality are critical for 
performance in microelectronic and optoelectronic devices. Before using x-ray 
diffraction to characterize thin film samples, several special points needed to be taken 
into account. First, x-ray measurements use reflection geometry but the substrates are 
generally too thick for transmission. Second, it is required high angular resolution 
because of sharp peaks from semiconductor materials due to very low defect densities in 
the material. Therefore, multiple bounce crystal monochromators are adopted for these 
measurements to provide a highly collimated x-ray beam. Besides the traditional 
precisely lattice constants measurement, several other measurements including x-ray 
reflectivity, glancing angle x-ray diffraction, high resolution x-ray diffraction, residual 
stresses analysis, texture analysis and rocking curve measurements are also very 
important and can be done on thin film samples by x-ray diffraction.[173]  
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2.2.2 Transmission Electron Microscopy (TEM) 
Transmission electron microscopy (TEM), as one of the most efficient and versatile 
tools, is widely used for materials characterization. Because of the limited image 
resolution in traditional optical microscopes which imposed by the wavelength of visible 
light, TEMs were developed to increase the image resolution by using electrons. In this 
dissertation, the morphology, interfaces, crystallography as well as chemical information 
of nanocomposite thin films was characterized by TEM works. TEM facilities including 
the JEOL 2010 analytical microscope (200KV, LaB6 filament with 0.23nm point 
resolution) and FEI Tecnai F20 analytical microscope (200KV, ZrO2/W Schottky firld 
emitter with 0.27 point resolution, Z-contrast dark-field STEM imaging using the 
HAADF detector) were used in this work. Both the regular single-tilt and double-tilt 
holders have also been used for material characterizations. 
A typical TEM system, as shown in Fig. 2.5, consists of four parts: the electron 
source, electromagnetic lens system, sample stage and imaging systems which all 
combined in a vacuum column. [174]  The electron source is made of a cathode and an 
anode. When the cathode is being heated, it will emit electrons and a negative cap 
confines those electrons into a loosely focused beam. The positive anode accelerates the 
beam towards the specimen. The electrons in the center will pass through the small hole 
of the anode while electrons at the rim of the beam will fall onto the anode. After leaving 
the electron source, electromagnetic lens and metal apertures are used to the tightly 
focus electron beam. Because only electrons within a small energy range can pass 
through the system, the electrons in the electron beam will have a well-defined energy. 
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Another electromagnetic lens system and a screen are consisted of the imaging system. 
The electromagnetic lens system contains two lens systems, one is to refocus the 
electrons after they pass through the specimen, and the other is to enlarge the image and 
projecting it onto the screen. The screen having a phosphorescent plate glows when 
being hit by electrons. [175-177] 
 
 
 
Fig. 2.5. The illustration of a typical TEM system with analytical capabilities. Reprinted 
with permission from ref 177. Copyright 2009 Springer eBook. 
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The resolution of TEM can be defined as to distinguish the closest spacing as 
separate entities of two points which can clearly be seen through the microscope. 
Because the light from a very small point in the object suffers diffraction and even an 
infinitesimally small point becomes a small Airy disc in the image, it limits the 
resolution of a microscope. Therefore, the aperture must be as large as is feasible to 
make this disc as small as possible. The criterion proposed by Rayleigh works well in 
most cases and has been used extensively ever since; the two points can be distinguished 
when the maximum intensity of an Airy disc coincides with the first minimum of the 
second. It is illustrates by Fig. 2.6 that the resolution limit is d1/2. Microscopes apertures 
are normally characterized in terms of the semi-angle (α) which subtends the specimen. 
Then, the resolution could be derived from diffraction theory by an expression: 
0.61
sin
r
n


                                                                                                             (2.4) 
Where n is the refractive index of the medium between the object and the lenses, λ is the 
wavelength of the radiation, and α is the semi-angle of collection of the magnifying lens. 
The nsinα is usually called as the numerical aperture (NA). 
TEM with short wavelength of electrons can achieve not only the high resolution 
images but also the further magnification of the images. The degree of enlargement of 
the diameter of a final image compared to the original determines magnification. In 
practice, a distance measured between two points on an image divided by the distance 
measured between these same two points on the original object equals to magnification. 
At least three magnifying lenses are in a TEM including the objective, intermediate, and 
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projector lenses. The final magnification is determined by the product of the individual 
magnifying powers of all of the lenses in the system.[175] 
 
 
 
Fig. 2.6. The intensity of the Airy rings from two neighboring pinholes. A resolution 
limit of d1/2 is given by the intensity distributions from each of the pinholes separately 
and the maximum intensity from one pinhole coincides with the first minimum from the 
other.  
 
 
As shown in Fig. 2.7, there are two basic operation modes of the TEM system: the 
diffraction mode and imaging mode. Diffraction mode and imaging mode can be easily 
switched in the TEM by changing the focal length of the intermediate lens. In the image 
mode, the image plane coincides with the image plane of the objective lens; while in the 
diffraction mode, the image plane coincides with the back focal plane of the objective 
lens. Considering the specimen always shows little contrast in the simple imaging mode, 
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objective apertures are inserted at the back focal plane of the objective lens in the 
conventional imaging mode to increase the contrast, which is called diffraction contrast. 
A bright-field (BF) image will be formed when the aperture is positioned allowing only 
the transmitted (undiffracted) electrons to pass, When only some diffracted electrons are 
allowed to pass, a dark-field (DF) image will be formed. [176] 
 
 
 
Fig. 2.7. Two basic operation modes of TEM system: (a) the diffraction mode and (b) 
the imaging mode. Reprinted with permission from ref 177. Copyright 2009 Springer 
eBook. 
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High resolution TEM, as an imaging mode of the TEM, allows the imaging of the 
crystallographic structure of a sample at an atomic scale. Because of the high resolution, 
it is a powerful tool to study microstructure and nanoscale properties of crystalline 
material such as polymer, metals and ceramics. There are several aspects and related 
simulation work need to be satisfied to achieve HRTEM. The proper specimen holders 
must be used and the objective lens need be adjusted to obtain the shortest possible focal 
length. Carefully adjustments need to be done, such as the use of higher accelerating 
voltages, to achieve higher resolution. Field emission guns are adapted to further 
lessened chromatic aberration since the energy spread of electrons generated from such 
guns is considerably narrower. For most specimens, larger objective lens apertures are 
used to minimize diffraction effects but it leads to lower contrast, smaller apertures may 
be used to increase contrast but resolution will be diminished. In addition, they must be 
free of dirt because it has a more pronounced effect on astigmatism. Small condenser 
lens apertures will diminish spherical aberration at the expense of overall illumination. 
Specimen preparation techniques offer another way to enhance the resolution capability. 
For example, extremely thin sections will reduce chromatic aberration. 
In HRTEM images, the parameters of the microscope and the specimen determine 
the image contrast. The image contrast interpreted in terms of columns of atoms is 
possible only for a narrow range of experimental conditions. Multi-slice method, a 
dynamical calculation of diffracted amplitudes of electron beams, can help to simulate 
the beam-specimen interaction as shown in Fig. 2.8. The incident wave function is 
calculated by the effect of the first slice on the phase and the resulting wave function is 
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then propagated through free space to the next slice. Only until the desired specimen 
thickness is achieved, this process stops. Assuming Δz is sufficiently small, the method 
is highly accurate. [176] 
 
 
 
Fig. 2.8. Multiple steps in the calculation of a high-resolution TEM image by the multi-
slice method. Reprinted with permission from ref 177. Copyright 2009 Springer eBook. 
 
 74 
 
 
The scanning transmission electron microscope (STEM) where the beam scan 
parallel to the optic axis at all times so that it mimics the parallel beam in parallel to its 
scanning is another working mode of TEM. The schematics of scanning the convergent 
probe for STEM images are shown in Fig. 2.9. When the probe scan across the specimen 
surface, the double-defection process ensures it remains parallel to the optics axis. The 
rastering of the beam across the sample enables these microscopes for analysis 
techniques including mapping by electron energy loss spectroscopy (EELS), energy 
dispersive X-ray (EDX) spectroscopy and annular dark-field imaging (ADF). These 
signals can be obtained and simultaneously be allowed for direct correlation of image 
and quantitative data. It is possible to form atomic resolution images by using a STEM 
and a high-angle detector because the contrast is directly related to square of the atomic 
number (Z
2
-contrast image). Compared with the conventional high resolution electron 
microscopy technique which uses phase-contrast, STEM directly uses interpretable z-
contrast images. [177] 
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Fig. 2.9. Schematic diagram of the scanning of convergent probe for STEM imaging. 
Reprinted with permission from ref 177. Copyright 2009 Springer eBook. 
 
 
The main challenge of TEM specimen preparation is to finally achieve a thin region 
less than 100nm in the sample to get electron transmit. To select specimen preparation 
methods, it depends on the material information you are looking for and the material 
features. In this dissertation, microstructure and interfaces of complex oxide thin films 
are studied. Therefore, cross-section TEM specimen plan-view TEM specimen are 
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prepared to see the film-substrate interface and the nanocomposite films growth 
morphologies. Manually, the thin films specimen preparation follows the following steps: 
(1) thin slice cutting from bulk sample; (2) slices glue and pre-thinning; (3) grounding 
and polishing the slice and (4) final thinning. The pre-thinning can be achieved by tripod 
polisher with the help of diamond lapping films and diamond polishing paste. Either 
electro-polishing or ion-milling can be used for the final thinning process. Ion-milling is 
a powerful tool to finally reduce the sample thickness down to 100nm scale. Various 
factors including ion energy, angle of incidence, vacuum, initial surface topology, ion 
orientation and beam energy can be adjusted. FIB assisted method is another TEM 
specimen preparation method that has been rapidly adopted by the semiconductor 
industry. In a FIB-SEM dual system, the ion gun produces well-controlled Ga ions beam 
to cut on either side to leave a thin wall. The wall can be further ion-polished to get 
really thin for TEM and finally it will be attached to a probe for lift out and place it on a 
supporting film. 
 
2.2.3 Scanning Electron Microscope (SEM) 
Scanning electron microscope (SEM) is a characterization tool to collect various 
signals at the surface of solid specimens by using a focused beam of high energy 
electrons. The signals derived from interactions between electron and sample reveal 
information about the sample including texture, chemical composition, and crystalline 
structure. The fundamental principal of SEM is that accelerated electrons with 
significant amounts of kinetic energy, interact with sample and generate signals such as 
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secondary electrons for producing SEM images, backscattered electrons (BSE), and 
diffracted backscattered electrons (EBSD) for determining crystal structures and 
orientations of minerals, photons, visible light (cathodoluminescence) and heat. Among 
them, secondary electrons and backscattered electrons are widely used to image samples. 
The surface morphology and topography on samples can be shown by secondary 
electrons while backscattered electrons are used for illustrating contrasts in composition 
in multiphase samples i.e. for rapid phase discrimination. Since inelastic collisions of the 
incident electrons with electrons in discrete orbital (shells) of atoms in the sample 
generate X-ray and the yield X-rays are of a fixed wavelength related to the difference in 
energy levels of electrons in different shells for a given element. Therefore, it could be 
used to identify and even quantify the elements. Because x-rays generated by electron 
interactions do not lead to volume loss of the sample, SEM analysis is considered to be 
non-destructive and could be used to analyze the same materials repeatedly. Fig 2.10 
shows schematic illustration of SEM equipment. In most cases, the information of a 
selected area of the surface of the sample is collected to generate a 2-dimensional image 
that displays spatial variations in these properties. In a scanning mode by traditional 
SEM techniques, areas ranging from approximately 1 cm to 5 microns in width can be 
imaged (magnification ranging from ~20X to ~30,000X, spatial resolution of 50 to 100 
nm). In addition, qualitatively or semi-quantitatively information including chemical 
compositions, crystalline structure, and crystal orientations could be obtained by 
conducting the SEM analyses of selected point locations on the sample. 
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Fig  2.10. Illustration of typical SEM equipment. 
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2.3 AC Impedance Spectroscopy 
The AC impedance method, as a powerful technique for fuel cell diagnosis, can 
give information on individual losses including oxygen reduction reaction kinetic, mass-
transfer, and electrolyte membrane resistance losses.[9, 40, 178]  Compared with other 
electrochemical methods, AC impedance spectroscopy is a non-destructive method to 
evaluate a wide range of materials, including coatings, anodized films, batteries and fuel 
cells. As seen in Fig. 2.11a, when a small sinusoidal ac signal (typically a few millivolts) 
is applied, the excitation of ac response from the cell over a range of frequencies can be 
observed.[179] The amplitude and the phase shift relationship between the excitation 
and response signals in term of the frequency determine the characteristic impedance: 
Z(jω) = Z’ + jZ’’. The resultant data can be plotted in form of Nyquist plot or as 
magnitude and phase as function of frequency (Bode plot) which can be fitted by the 
equivalent circuit (a typical example shown in Fig. 2.11b). Considering the complexity 
of SOFC, several processes including electrical, electrochemical and chemical and mass 
transport contribute to the observed impedance plot. The equivalent circuit tries to 
separate and identify those processes and reaction steps via time scale. A typical 
example of a dense La0.5Sr0.5CoO3-δ film on single-crystal YSZ at 750 °C in oxygen is 
shown in Fig. 2.11c. The total impedance in this case interpret as separate cause: the 
electrolyte impedance (high frequency), an interfacial impedance at medium frequency 
(MF), and a low-frequency (LF) impedance associated with O2 oxidation/reduction at 
the surface of the film. [178, 180] 
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Fig  2.11. (a) AC impedance analysis through a sinusoidal current or voltage 
perturbation which is measured and analyzed in terms of gain and phase shift as a 
function of frequency (w). (b) A typical example of equivalent circuit for fitting the 
impedance curve. (c) Example of impedance plot of a dense La0.5Sr0.5CoO3-δ film on 
single-crystal YSZ at 750 °C. Reprinted with permission from ref 180. Copyright 2001 
AIP Publishing LLC. 
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For investigating the electrochemical properties of the electrolyte and cathode, AC 
impedance is the main tool discussed in this dissertation. The electrochemical cells were 
prepared with either the in-plane configuration (electrolyte) or symmetric cell (electrode). 
Platinum strips (Heraeus CL11-5100, Pt ink) were prepared by screen printing method 
used as current collectors. The typical AC impedance measurement was conducted in the 
frequency range of 10
-1
 – 30MHz from 300 to 700 ºC in air. 
 
2.4 Single Cell Power Measurement 
Single Cell Power Measurement is used to measure the power output of anode-
supported single cells. Those cells were sealed by glass and assembled as shown in Fig. 
2.12. When the temperature in the furnace stabilized, the air was applied in the cathode 
side and the hydrogen was input to the anode sides. At such circumstance, the cell 
voltage and output current was acquired at the same time. 
In this thesis, the bilayer electrolyte YSZ/GDC and interlayer were deposited on 
the anode disks of NiO/YSZ using PLD technique. The cathode powders which were 
ball milled for 48hrs in ethanol using zirconia milling media mixed with an organic 
binder (Heraeus V006) to make slurry. It subsequently applied on the thin film 
electrolyte by screen printing method and the effective electrode area of the cell was 
~1cm
2
. During the single-cell performance test, Humidified H2 (~3% H2O at 30 ºC) with 
a constant flow rate of 80 mL min
−1
 and air with at a constant flow rate of 120 mL min
−1
 
were supplied as the fuel and the oxidant, respectively. Platinum grids and wires used as 
current collectors were attached onto porous electrodes. Current-voltage (IV) 
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measurements were performed by an Arbin BT2000/fuel cell test station with two 
electrode configuration. More experimental detailed including the firing temperature of 
various cathodes, anode disks will be presented in the following chapters. 
 
 
 
 
Fig  2.12. Schematically illustration of the SOFC power measurement. 
 83 
 
 
3. ENHANVED ELECTROCHEMICAL PROPERTIES OF BI-LAYER 
La0.5Sr0.5CoO3−δ CATHODE PREPARED BY A HYBRID METHOD*  
 
3.1 Overview 
Bi-layer La0.5Sr0.5CoO3-δ (LSCO) cathodes are processed by a hybrid method that 
combines a seed layer prepared by a pulsed laser deposition (PLD) technique and a 
conventional cathode layer (~7 µm in thickness) by a screen printing method. By 
inserting the PLD seed layer with the thickness of ~500 nm or less, robust cathode films 
with desired microstructure and excellent adhesion properties with the underlying 
electrolyte layer, are successfully fabricated. The area specific resistance (ASR) of the 
hybrid cathode layers decreases about 5 times compared with that of the single layer 
cathode films prepared by the conventional screen printing method. The hybrid approach 
provides a cost-effective way to fabricate thick cathode films with significantly 
enhanced electrochemical properties for solid oxide fuel cells (SOFCs).  
 
 
 
 
____________  
* Reprinted with permission from “Enhanced electrochemical properties of Bi-layer 
La0.5Sr0.5CoO3−δ cathode prepared by a hybrid method” by Q. Su, S. Cho, Z. Bi, A. Chen, 
and H. Wang, Electrochimica Acta, 56 (2011), 3969–3974. Copyright (2013). 
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3.2 Introduction 
Solid oxide fuel cells (SOFCs) have attracted extensive research interests 
because of their high energy efficiency and clean energy conversion.[1, 4] Because of 
higher cost-effectiveness, wider fuel options and higher fuel efficiency compared with 
other fuel-cell type, thin film SOFCs (TFSOFCs) are considered as one type of the most 
promising alternative energy sources. Recent research of TFSOFCs mainly focuses on 
two aspects: (1) to decrease the operation temperature to 500-700 °C or lower, (2) to 
increase the power output density by optimizing the electrolyte and cathode 
microstructures in the cells.[181] Cathode, as one of the major components, where 
oxygen reduction and transportation takes place, is believed to play a key role in 
determining the overall SOFC performance and therefore attracts a wide range of 
research efforts.[108, 182, 183]   
Screen printing is one of the most conventional and widely used thin film 
fabrication methods for thin film cathode layer.[184] It is an easy method and is cost-
effective to process thick films over 10 µm. However, a high temperature thermal 
treatment (over 1100°C) is required after the screen printing process. The thermal 
treatment often leads to a significant shrinkage in film thickness, crack formation and a 
possible delamination of the film.[48, 185] This has raised concerns in the 
reproducibility and reliability of the cathode layer processed by screen printing. Pulsed 
laser deposition (PLD) is another thin film deposition technique which is used to 
processing cathode thin films with well-controlled microstructure by adjusting 
deposition parameters.[186-188] In our previous work, cathode layers with desired 
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nanopores [50, 189] and vertically aligned nanocomposite structures [51] were 
successfully fabricated by PLD and show excellent electrochemical properties. The well-
controlled microstructure helps reduce the polarization resistance and enhance the 
overall SOFC performance. However, the low growth rate and high processing cost are 
the two limiting factors for processing the cathode layer exceeding micron range by PLD. 
For example, to grow a 5~6 µm thick cathode, it may take 1~2 hours of PLD deposition 
depending on materials and laser energy (The estimation is based on the growth rate of 2 
Å/pulse and the pulse rate of 5-10Hz). 
In this paper, a hybrid method combining both the screen printing and PLD 
techniques is applied in the growth of the thick cathode layer. A thin cathode film was 
first deposited as a seed layer by PLD, and then followed by a thick cathode layer 
processed by the screen printing method. The hybrid method reduces the cost 
significantly compared with the PLD only method since processing a 500 nm thick PLD 
seed layer will only take about 10 minutes or less depending on the pulse rate. This 
approach could significantly reduce the cost of PLD deposition while still taking the 
advantage of PLD approach, e.g., well controlled microstructure, columnnar grains with 
vertically aligned nanopores, and excellent film adhesion properties between the film 
and the substrate. Therefore it combines the advantages of both growth techniques, e.g., 
cost effectiveness of screen printing technique and well-controlled microstructure of 
PLD.   
In this study, La0.5Sr0.5CoO3-δ (LSCO) is chosen as the cathode material for a 
demonstration of this hybrid method for the following reasons. First, LSCO is one of the 
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well-studied cathode materials in the literatures.[48, 184, 190, 191] Second, there are 
issues for LSCO film such as crack formation and film shrinkage during thermal 
treatment due to large thermal expansion. Those issues also exist in many other cathode 
systems. If this hybrid method works, it could be applied to many other cathode systems.   
 
3.3 Experimental 
3.3.1. LSCO Powder Processing and BET Measurement 
The LSCO powders were synthesized by the conventional solid state reaction 
method through mixing stoichiometric amounts of commercial La2O3 (99.99%), SrCO3 
(99.9%), Co3O4 (99.9%). The raw powders were first ball milled in a stainless steel 
container for 2 hours, then pressed into ceramic pellets and annealed at 1050 °C for 10 
hours. After that, the pellets were grounded into powders, pressed into ceramic pellets 
again and sintered at 1200 °C for 10 hours to form the perovskite phase. These dense 
pellets were used as PLD targets. The right composition LSCO pellets were crushed and 
ball-milled for 30 hours to refine the LSCO powders to the surface area of 3.19 g/m
2
 
measured by BET surface adsorption method.  
3.3.2 Symmetric Cells Fabrication by PLD and Screen Printing 
The LSCO seed layers (~500 nm in thickness) were deposited on pressed 
Ce0.9Gd0.1O1.95- δ (CGO) disks and SrTiO3 (STO) (001) single crystal substrates in a PLD 
system with a KrF excimer laser (Lambda Physik Compex Pro 205, λ=248 nm, 2 Hz). 
The laser beam with a 45° incidence angle was focused to obtain an approximate energy 
density of 5 J
.
cm
-2
. The base pressure was around 10
−6
 Torr and the deposition pressure 
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was 200 mTorr under oxygen atmosphere. The substrate temperature was varied from 
room temperature (RT) to 500 °C to achieve the optimum film crystallinity and 
microstructure in the PLD seed layer and the following screen printing layer. The slurry 
for screen printing was prepared using the LSCO powders processed by the same solid 
state reaction method as above mentioned. The LSCO slurry was then screen printed on 
CGO substrates with and without the PLD seed layers to fabricate the symmetric cells 
for impedance measurement. Then the cells were annealed at 1150 °C for 2 hours. The 
PLD seed layer thickness was controlled at around 500 nm. A symmetric cell with PLD 
single layer only was also fabricated as comparison. 
3.3.3 Microstructure Characterizations and ASR Measurements of Symmetric Cells  
The microstructure of these films was characterized by a high resolution field 
emission scanning electron microscope (FE-SEM, JEM-7500F Cold Emission SEM) and 
a transmission electron microscope (TEM, JEOL 2010 analytical microscope with a 
point-to-point resolution of 0.23 nm). Platinum grids were gently pressed onto porous 
electrodes and were used as current collectors. Using a potentiostat/impedance analyzer 
(Reference 600
TM
, Potentionstat/ Galvanstat/ ZRA, GAMY INSTRUMENTS), AC 
impedance spectroscopy measurements were conducted in a frequency range of 10
-2–
3×10
5
 Hz at the temperature varied from 300 to 700 °C. The AC impedance data were 
measured after a waiting period of one hour for reaching stabilized temperatures. 
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3.4 Results and Discussion 
The X-ray diffraction (XRD) θ-2θ patterns of the LSCO powder, the screen 
printing LSCO film on CGO pellet and the bi-layer LSCO film prepared by the hybrid 
method are shown in Fig. 3.1A, 3.1B and 3.1C, respectively. XRD data for all three 
samples match well with the standard PDF card (#048-0122) indicating the pure 
perovskite LSCO phase with polycrystalline structure. There is no obvious variation in 
the crystal structure between the LSCO powders and the films on CGO pellets.[191]  
 
 
Fig. 3.1. XRD θ-2θ plots for (A) LSCO powders for screen printing, (B) screen printing 
LSCO film on CGO pellet and (C) bi-layer LSCO film. 
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The surface morphology of LSCO cathode films with and without the PLD seed 
layer characterized by SEM, are shown in Fig. 3.2A, B, C and D. The surface of the 
screen printing only film shows random microcracks with a low film density as seen in 
Fig. 3.2A. Compared with the screen printing only films, the LSCO films prepared by 
the hybrid method as seen in Fig. 3.2B (PLD at RT), C (PLD at 300 °C) and D (PLD at 
500 °C) show significantly enhanced surface coverage and film density with uniform 
nanopores. The nanopore size decreases as the deposition temperature of the PLD layer 
increases from RT to 500
 
°C. All the hybrid films show a better mechanical strength than 
the screen printing only ones. Significantly decreased porosity by inserting the PLD seed 
layer indicates that the seed layer may have provided more nucleation sites for the LSCO 
screen printing layer under the same thermal treatment so that the LSCO powders tend to 
nucleate with the PLD seed layer rather than agglomerate into big clusters. To examine 
the adhesion property between the PLD seed layer and the screen printing layer, cross-
section TEM (XTEM) was conducted as shown in Fig. 3.2E. It is clearly shown that 
there is good grain connectivity between the PLD seed layer and the porous screen 
printing LSCO layer.  For example, there are several locations in Fig. 3.2E where the 
grains in the screen printing layer nucleate directly from the PLD layer underneath.  
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Fig. 3.2. Plan-view SEM images of screen printing LSCO layer (A) directly on CGO 
pellet, (B) on PLD LSCO layer deposited at RT, (C) on PLD LSCO layer deposited at 
300 °C and (D) on PLD LSCO layer deposition at 500 °C. (E) Cross-sectional TEM 
image of screen printing LSCO on PLD seed layer deposited at 500 °C. All samples 
were annealed at 1150 °C for 2 hours. 
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To measure the electrochemical performance of the LSCO cathode prepared by 
the hybrid method, symmetric cells were processed with the LSCO seed layer deposited 
by PLD on both sides of a pressed CGO disk followed by the screen printing LSCO 
layer. The same deposition and annealing conditions were used to ensure a fair 
comparison. The AC electrochemical impedance spectroscopy (EIS) data (solid lines) 
and fitted results (dash lines) of the symmetric cells are shown in Fig. 3.3B and 3.3C, 
respectively at the measurement temperature of 600 °C. Those symmetric cells were 
prepared by the hybrid method with the PLD seed layer deposited at RT and 500 °C. 
There are three distinct regimes for the impedance spectra: high frequency (HF), 
intermediate frequency (IF) and low frequency (LF) regimes. The following equivalent 
circuit model as seen in Fig. 3A was used to fit and analyze the impedance spectra: 
R1-L1-(R2CPE2)-(R3CPE3) 
where R1 represents the resistance of bulk electrolyte (CGO) in high frequency, L1 
accounts for the inductance of the wiring used for impedance measurement, R2 is 
assigned to a coupled response of interfacial resistance and grain boundaries of the CGO 
substrates in IF.[178, 180, 192] In both HF and IF regimes, oxygen partial pressure plays 
little or no effect on the magnitude of impedance spectra.[51] R3 relates to electrode 
reaction resistance which is mainly dominated by the surface exchange process and 
decreases significantly with the increase of the oxygen partial pressure. CPEx accounts 
for the depressed semicircles. 
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Fig. 3.3. (A) The equivalent circuit model used to fit the impedance data and the 
impedance spectra of the SP LSCO/PLD LSCO/CGO/PLD LSCO/SP LSCO 
symmetrical cell collected at 873K and pO2=0.2 atm. The PLD LSCO layers were 
deposited at (B) RT and (C) 500 °C. The points are experimental data and the lines are 
fitted data. 
 
 
The area specific resistance (ASR) of the symmetric cells is calculated from the 
following equation 3.1:  
ASR = Rp * A / 2                                                                                               (3.1) 
where Rp is the electrode polarization resistance and A is geometric electrode area. The 
electrode polarization resistance is obtained from the difference between two intercepts 
of the LF semicircle with the Z’ axis. The Arrhenius plot of ASR as a function of 
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measurement temperature for the PLD only cathode layer, cathode layers with and 
without the PLD seed layer is plotted in Fig. 3.4 and compared with previous reports on 
LSCO cathodes prepared by conventional screen printing method.[51, 190, 193] The 
ASR of LSCO cathode prepared by the screen printing only method is ~2 Ω cm2 at 
600 °C. By inserting the PLD seed layer deposited at different temperatures, the ASR of 
all bi-layer cathode films has a significant decrease. For example, the ASR value drops 
to 0.38 Ω cm2 at 600 °C for the sample with the PLD seed layer deposited at 500 °C. 
These results suggest that a desired cathode/electrolyte interface plays a key role in the 
cathode performance. The ASR of the symmetric cell with the PLD seed layer only was 
measured for comparison. The ASR value is 0.1 Ω cm2 at 600 °C which is similar to our 
previous report.[50, 51] The low ASR value of the PLD seed layer was attributed to the 
vertically aligned nanopores in the structure. Comparing all the bi-layer cathode cases, 
ASR decreases more significantly by inserting the PLD seed layers deposited at higher 
temperatures (300-500 °C) than those deposited at RT, which may be contributed to the 
nanopore structure, excellent crystallinity and strong adhesion between the seed layer 
and the screen printing layer. The lowest ASR achieved using the bi-layer structure is 
~0.35 Ω cm2 at 600 °C which is 5 times lower than that of the screen printing only 
cathode film. It was reported that the ASR could decrease by inserting a dense cathode 
layer which increases the effective contact area at the cathode/electrolyte interface or 
oxygen ion may transport faster via grain boundaries.[194, 195] Compared with the 
dense cathode interlayer, the PLD seed layer with vertically aligned nanopores could 
better enhance the oxygen transportation to triple phase boundaries (TPBs). Moreover, it 
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could offer more nucleation sites for the nucleation of the screen printing cathode layer 
which will lead to better crystallinity of the screen printing layer and thus better cell 
performance. It is interesting to note that all the LSCO cathode films prepared, either by 
screen printing method or by hybrid method, have a similar slope in the ASR plots. The 
activation energies for LSCO films prepared by different methods are calculated to be 
~1.14 eV indicating that the surface charge exchange process dominants the cathode 
reaction. [178, 196] 
Several main reasons account for the advantages of the insertion of the PLD seed 
layers that enhance the electrochemical and mechanical properties of the LSCO cathode. 
First, a better adhesion of the screen printing layer is achieved by inserting the PLD seed 
layer compared with the screen printing only layer. 
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Fig. 3.4. The ASR of the symmetric cells with and without PLD LSCO layer as a 
function of measurement temperature at pO2=0.2 atm. 
 
 
Fig. 3.5 (A-F) compares the plan-view and cross-section SEM of the screen 
printing layers with the PLD layer after the impedance measurement. Fig. 3.5A and B, C 
and D, and E and F show the surface and cross-section views for the samples with the 
PLD seed layer deposited at RT, 300 °C and 500 °C, respectively. Clearly the surface 
looks identical to that of the samples before the measurements and there is no crack 
formation in the view area. The cross-section images for all the samples show very clear 
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interfaces between the screen printing layer, the PLD seed layer and the underlying CGO 
disk. No obvious crack formation or delamination was found in the samples. The better 
adhesion may be resulted from the more nucleation sites for the screen printing layer 
provided by the PLD seed layer. Second, there may be a lower energy barrier of 
homogeneous nucleation for the hybrid method than that of the heterogeneous nucleation 
in the case of the screen printing only layer. It is clearly seen that there is excellent grain 
connectivity between the PLD seed layer and the screen printing layer for all cases even 
after high temperature measurements. Third, the PLD seed layer with nanopore structure 
could enhance the catalytic reaction probability at the gas–cathode–electrolyte TPBs at 
the cathode-electrolyte interface by increasing effective contact areas. It helps decrease 
the ASR of the cathode and improve the overall SOFC performance. Last, there is no 
significant structural degradation such as secondary phase formation or interfacial 
diffusion for the cathode prepared by the hybrid method at different temperatures after 
the high-temperature thermal measurements. Overall, the PLD seed layer offers better 
adhesion, more nucleation sites, higher density TPBs and better structural integrity to the 
screen printing layer, and thus leads to a high performance and reliable cathode layer. 
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Fig. 3.5. Plan-view (A, C, E) and cross section SEM images (B, D, F) of screen printing 
LSCO layer on the PLD seed layer after impedance measurement. The PLD layers were 
deposited at (A) and (B) RT; (C) and (D) 300 °C; (E) and (F) at 500 °C. 
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3.5 Conclusions 
In summary, the bi-layer cathodes have been successfully fabricated by 
combining the PLD and screen printing methods. The XRD data show that the bi-layer 
LSCO films have pure polycrystalline perovskite phase. Compared with the screen 
printing LSCO layer directly on CGO electrolyte, the LSCO layer with PLD seed layer 
has higher film density with uniform nanopore structures, better mechanical properties 
and higher thermal stability. Based on the cross-section SEM and TEM analysis, there is 
good grain connectivity between the PLD seed layer and the screen printing LSCO 
cathode layer after thermal cycles. The ASR of these bi-layer cathodes is ~5 times lower 
than that of the single layer cathode because of the desired microstructure of the PLD 
seed layer. The PLD seed layer could also enhance the catalytic reaction probability at 
the gas-cathode-electrolyte TPBs by increasing the effective areas. It could provide 
better adhesion between the electrolyte and the screen printing cathode layer. After 
thermal cycle during high temperature impedance measurements, there is no 
delamination or crack formation in the bi-layer films. The hybrid method combines the 
advantages of both PLD and screen printing techniques and offers a cost-effective 
approach in fabricating thick and high quality cathode films. 
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4. EFFECT OF INTERLAYER THICKNESS ON THE ELECTROCHEMICAL 
PROPERTIES OF BI-LAYER CATHODES FOR SOLID OXIDE FUEL CELLS*  
 
 
4.1 Overview 
A hybrid method that combines an interlayer prepared by a pulsed laser 
deposition (PLD) technique and a conventional cathode prepared by a screen printing 
method is employed to fabricate bi-layer La0.5Sr0.5CoO3-δ (LSCO) cathodes. Robust bi-
layer cathode films are successfully fabricated with a porous microstructure and 
excellent integrity with the underlying electrolyte layer. By adjusting the thickness of the 
PLD interlayers from ~ 50 to ~ 500 nm, a systematic variation of the electrochemical 
and mechanical properties of the bi-layer cathodes is observed. Compared with single 
cells without an interlayer, the anode-supported single cells with an LSCO interlayer 
thickness of ~ 100 nm exhibit significant enhancement in the overall power performance. 
 
 
 
____________  
* Reprinted with permission from “Effects of interlayer thickness on the electrochemical 
and mechanical properties of bi-layer cathodes for solid oxide fuel cells”, Q. Su, D. 
Yoon, Y. Kim, W. Gong, A. Chen, S. Cho, A. Manthiram, A. Jacobson, and H. Wang, 
Journal of Power Sources, 218 (2012) 261–267. Copyright (2013). 
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4.2 Introduction 
Because of their efficient and clean energy production, solid oxide fuel cells 
(SOFCs) have attracted extensive research interest.[1, 4, 95, 181] Compared with bulk 
SOFCs, thin film SOFCs (TFSOFCs) are more cost-effective, have wider range of fuel 
options and higher fuel efficiency, and are considered to be one of the possible energy 
harvesting alternatives.[49, 197] Recent research efforts mainly focus on lowering the 
TFSOFCs operating temperature (500-700 °C or lower) by exploring new materials and 
optimizing the component microstructures. Research has also focused on enhancing the 
long-term stability of THSOFCs.[48, 108, 183] The cathode and cathode/electrolyte 
interface, where oxygen reduction and transport take place, are believed to play a 
significant role on the overall SOFC performance and have, therefore, attracted ongoing 
research efforts.[13, 157]  
Screen printing, a low cost simple process, is one of the most conventional and 
widely used fabrication methods to prepare cathode layers with thickness ≥ 10 µm.[198] 
The high-temperature thermal treatment (over 1100 °C), which is required after the 
screen printing process to ensure the adhesion between the cathode and the electrolyte 
can, however, cause serious shrinkage in the film thickness, leading to cracks and 
possible delamination.[48, 108] This has raised concerns about the reproducibility and 
reliability of cathode layers prepared by screen printing. In contrast to screen printing, 
pulsed laser deposition (PLD) can be used to prepare thinner films with thicknesses from 
tens to hundreds of nanometers. PLD can be used to fabricate cathode thin films with 
well-controlled microstructure by adjusting the deposition parameters[51, 189], but the 
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cost is higher due to the low growth rate and high processing cost. For example, to grow 
a 5~6 µm thick cathode, it may take 2~4 hours of PLD deposition depending on 
materials and laser energy (the estimation is based on the growth rate of 0.5-1 Å/pulse 
and the pulse rate of 5-10Hz). The hybrid method reduces the cost significantly 
compared with the PLD only method. In our previous work, PLD was used to grow the 
interlayer with nanopororous microstructure followed by a thick cathode layer (~ 7 µm) 
prepared by the screen printing method [11]. The hybrid method was shown to combine 
the advantages of both techniques, namely the cost effectiveness of screen printing and 
the well-controlled microstructure provided by PLD for the preparation of thick cathode 
films with well controlled pore structures. A 500 nm thick PLD interlayer was used for 
the preliminary demonstration.  
The interlayer approach has been applied in SOFCs to enhance performance and 
stability. For example, a composite LSCO-Ce0.9Gd0.1O1.95 (CGO) interlayer between 
electrolyte and cathode has been used as a catalytic layer or transition layer to mitigate 
thermal stress and lattice strain at the interface.[51] Also, inserting an yttria-doped ceria 
(YDC) interlayer between the bulk electrolyte and the cathode has been demonstrated to 
enhance the performance of low-temperature solid oxide fuel cells. The interlayer helps 
to lower the reaction barrier and to enhance the catalytic reaction probability.[156] In the 
hybrid approach, the interlayer prepared by the PLD method with a nanoporous structure 
could provide channels for oxygen gas transport and increase the effective contact area 
at the gas–cathode–electrolyte triple phase boundaries (TPBs). Also, it provides more 
nucleation sites for the screen printing layer, consequently producing excellent adhesion 
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between the electrode and the electrolyte as well as a formation of uniform pores in 
cathode film. Because the interlayer is made of porous LSCO, which is a mixed 
conducting cathode material[190], it is expected that the interlayer thickness is closely 
related to the number of reaction sites, the reaction and diffusion rate of oxygen, and the 
microstructure of the electrodes. However, up-to-date, no detailed study of the effect of 
thickness variation of the interlayer on the cathode performance and reliability has been 
made. In this paper, PLD interlayers with different thicknesses are applied between the 
screen printed cathode and the electrolyte layer to prepare a set of TFSOFCs. The 
mechanical and electrochemical properties of those hybrid cathodes are examined and 
correlated with the microstructure to probe the effect of interlayer thickness. Some 
guidelines for designing high-performance bi-layer cathodes with optimum performance 
and low cost are proposed.  
 
4.3. Experimental 
4.3.1. LSCO Powder and PLD Target Processing  
The PLD targets including LSCO, 8 mol % yttria stabilized zirconia (YSZ) (500 
nm, Tosoh Co.), Ce0.9Gd0.1O1.95 (CGO), 60 wt. % NiO + 40 wt. % Ce0.8Gd0.2O1.95 (NiO-
CGO, 500 nm, Praxair Inc.), and CGO electrolyte disks were all fabricated by solid-state 
reaction through mixing stoichiometric amounts of the raw powders: La2O3 (99.99%), 
SrCO3, Co3O4 (99.9%), CeO2 (99.9%), and Gd2O3 (99.9%). The sintering details can be 
found elsewhere [14]. The phase purity of LSCO, CGO, and YSZ were confirmed by X-
ray diffraction (XRD). The LSCO powders for the preparation of screen printing slurry 
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were obtained from the LSCO target with a pseudo-cubic structure. The LSCO target 
was crushed into powders and then the powders were ball milled for 30 h to refine the 
particle size. The surface area of those powders was 3.2 g m
-2
 measured by Brunauer-
Emmett-Teller (BET) surface adsorption method.  
 
4.3.2. Symmetric Cells and Single Cells Fabrication 
The LSCO interlayers with different thicknesses were deposited on pressed 
sintered Ce0.9Gd0.1O1.95 (CGO) disks in a PLD system with a KrF excimer laser (Lambda 
Physik Compex Pro 205, λ=248 nm). The laser beam with approximately 5 J.cm-2 in 
energy density was focused on the targets at a 45° incident angle. The thicknesses of the 
PLD interlayer were controlled from ~ 50 to ~ 500 nm by deposition time to optimize 
the microstructure of the PLD interlayer and the subsequent screen printed layer. In 
order to fabricate the symmetric cells for impedance measurement, the LSCO slurry was 
screen printed onto CGO substrates coated with PLD interlayer of different thicknesses. 
The cells were then annealed at 1150 °C for 2 h with a ramping rate of 2 °C min
-1
. To 
prepare the single cells, commercial NiO-CGO cermet powder was compacted into 
anode disks under uniaxial pressure using an 1 inch (2.54 cm) diameter die set.  The 
disks were then sintered at 1300 °C for 3 h. Subsequently, a bi-layer electrolyte (1.5 μm 
YSZ deposited prior to a 6 μm CGO layer), a PLD LSCO thin-film cathode layer, and a  
screen printed LSCO cathode layer were deposited onto a NiO-CGO anode disk 
substrate under the conditions described in our previous work.[51, 199]  
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4.3.3. Microstructure and Mechanical Characterizations of Symmetric Cells 
The microstructure of these films was first characterized by a high resolution 
field emission scanning electron microscope (FE-SEM, JEM-7500F Cold Emission 
SEM). The hardness of the cathode films was measured by a commercial Fischerscope 
HM2000XYp micro-indentation with Vickers indenter. The film was indented down to 
500 nm and a minimum of twenty indents were performed on each specimen to obtain 
the average hardness value. 
 
4.3.4 ASR of Symmetric Cells and Power Density Measurements of Single Cells 
Platinum grids were gently pressed onto porous electrodes and were used as 
current collectors. Using a potentiostat/impedance analyzer (Reference 600
TM
, 
Potentionstat/ Galvanstat/ ZRA, GAMRY INSTRUMENTS), AC impedance 
spectroscopy measurements were conducted in the frequency range of 10
-2–3×105 Hz in 
the temperature range from 400 to 700 °C. The AC impedance data were measured after 
a waiting period of an hour for temperature stabilization. The anode-supported single 
cells prepared with and without interlayer were used to evaluate the interlayer effect on 
the cathode performance. Humidified H2 with a constant flow rate of 80 mL
.
min
-1 
and air 
with at a constant flow rate of 120 mL
.
min
-1 
were supplied as the fuel and the oxidant, 
respectively, during the single-cell performance test. Measurement details can be found 
elsewhere.[51, 199] 
 
 
 105 
 
 
4.4. Results and Discussion 
The X-ray diffraction (XRD) patterns of the LSCO cathode film with and 
without the PLD interlayer on CGO pellet are shown in Fig. 4.1. The symbol * refers to 
LSCO peak and the symbol # refers to CGO peak. The diffraction peaks of LSCO match 
well with the standard PDF card (#048-0122), which indicates a pure polycrystalline 
LSCO phase with a pseudo-cubic structure.[191] There is no obvious variation in the 
crystal structure between the LSCO cathodes with and without the PLD LSCO interlayer. 
 
Fig. 4.1. The X-ray diffraction (XRD) patterns of the LSCO cathode film with and 
without the PLD interlayer. The inset shows a magnification of XRD peaks around 47.5 
degree. The symbol * refers to LSCO peak and the symbol # refers to CGO peak. 
 106 
 
 
To examine the interlayer effect on the microstructure of the LSCO cathode films, 
the cathode films with and without the PLD interlayer were characterized by cross-
section SEM, as shown in Fig. 4.2a, b, c and d. Fig.4.2a and 2b show that LSCO 
particles agglomerated into big and dense grains when there is no PLD interlayer 
(Fig.4.2a) or when the PLD interlayer is very thin (< 50 nm, Fig 4.2b). Compared with 
the screen-printed only films and the bi-layer cathode films with a very thin PLD 
interlayer, the LSCO films prepared with thick PLD interlayer as seen in Fig. 4.2c (106 
nm), and d (530 nm) show much smaller grains with uniform pores and good grain 
connectivity between the electrolyte and cathode films. The PLD interlayer thickness 
apparently plays an important role in the nucleation process of the screen printed layer. 
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Fig. 4.2. Cross-section SEM images of screen printing LSCO layer (a) directly on CGO 
pellet, on PLD LSCO interlayer with different thickness (b) 53 nm, (c) 106 nm, (d) 530 
nm. All samples were annealed at 1150 °C for 2 hours. 
 
 
To further confirm the interlayer effect on the screen printed layer, the screen 
printed cathodes without and with a PLD interlayer were characterized by plan-view 
SEM and shown in Fig. 4.3a and b, respectively. It is clear that the sample with PLD 
interlayer shows the enhanced surface coverage and smaller grains indicating that the 
nano-porous PLD interlayer could greatly increase the nucleation sites for the following 
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screen-printed layer leading to uniform grain size and porous structure after sintering 
process. This is further supported by the cross-section TEM (XTEM) study in Fig. 4.3c, 
where a good grain connectivity between the PLD interlayer and the porous screen 
printed LSCO layer is clearly observed.  
 
 
 
Fig. 4.3. The plan-view SEM images of screen printed cathode (a) without and (b) with 
PLD interlayer and (c) the cross-section TEM image of bi layer cathode.  
 
 
To measure the electrochemical performance of the LSCO cathode with different 
PLD interlayer thicknesses and the samples without PLD interlayer, symmetric cells 
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with different PLD LSCO interlayer thicknesses were prepared. The PLD LSCO 
interlayer thickness was controlled through the deposition time. A relatively high 
temperature (1150 °C) is used for all the samples because it is the optimized temperature 
for sintering the screen printed cathode film. To ensure a fair comparison between the 
single layer and bi-layer cathodes, the same sintering temperature for all samples was 
used. However it was found that the sintering temperature of the bi-layer cathode could 
be as low as 800 °C and there is still good grain connectivity between the screen-printed 
layer and the PLD interlayer and comparable electrochemical performance as those 
sintered at 1150 °C. This is another advantage for incorporating a thin PLD interlayer. 
The specific impedance data of symmetric cells with cathode prepared by screen printing 
only method and hybrid method with ~500 nm PLD interlayer at 600 °C are plotted in 
Fig. 4.4a. The low frequency semicircle in Nyquist plot represents the polarization 
resistance.[189] There is a significant enhancement for the cathode prepared by the 
hybrid method compared to that prepared by the screen printing only method. The 
following equation was used to calculate the area specific resistance (ASR): ASR = 
Rp*A/2, where Rp is the electrode polarization resistance, which equals to the diameter 
of the low frequency semicircle and A is the geometric electrode area. An Arrhenius plot 
of ASR as a function of temperature for the cathode layers with different PLD interlayer 
thicknesses is plotted in Fig. 4.4b. The ASR of single layer LSCO cathode films 
prepared by conventional screen printing method and pulsed laser deposition are also 
plotted for comparison.[13, 50] Previously the ASR of screen printed LSCO cathode was 
reported to be 2 - 4 Ω cm2 at 600 °C, while the ASR of the PLD LSCO cathode was as 
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low as 0.09 Ω cm2 at 600 °C.[13] By comparison with ASR of the screen printed LSCO 
cathode, the ASR significantly decreases on inserting the PLD interlayer (Fig. 4.4b). The 
ASR of bi-layer cathode films decreases with increasing PLD interlayer thickness from ~ 
50 to ~ 500 nm. A slight ASR decrease is observed with a PLD interlayer with the 
thickness of 53 nm. When the PLD interlayer thickness is ~ 100 nm, the ASR of bi-layer 
LSCO cathode drops to one fifth of those of the films prepared by the screen printing 
only method. The ASR seen as the inset in Fig. 4.4b, however, decreases only slightly 
for thicker PLD interlayers up to 530 nm. Since LSCO is a mixed electric-ionic 
conducting cathode material and the PLD interlayer plays the role of a catalytic layer, 
the decrease of ASR can be explained by the expanded oxygen reduction reaction zone. 
It is expected that the interlayer thickness effect could be more significant for the 
cathode materials with higher ionic conductivity such as Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF), 
PrBaCo2O5+δ, La2NiO4+δ, etc.[22, 101, 105] 
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Fig. 4.4. (a) The specific impedance data of symmetric cells with cathode prepared by 
the screen printing only method and the hybrid method with 500 nm PLD interlayer at 
600 °C and (b) the ASR of the symmetric cells with different PLD LSCO interlayer 
thickness and without PLD LSCO layer as a function of measurement temperature in air. 
The inset in (b) shows a magnified ASR plot of the symmetric cells with PLD LSCO 
interlayer thickness range from 106 nm to 530 nm at 600 °C. 
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To further confirm the microstructure variation of those bi-layer cathode films 
with different PLD interlayer thicknesses, micro-indentation was conducted to test the 
hardness of those films. Because material hardness is inversely proportional to film 
porosity, hardness could be an indirect indicator of film porosity.[200] The error bar was 
estimated by taking into account both error from the hardness measurement and the data 
fitting. From Fig. 4.5, it is evident that the hardness has a sharp decrease as the PLD 
interlayer increases from 0 to 100 nm, which suggests the cathode films have a 
significant change in microstructure in this range. The sample without the PLD 
interlayer has mostly large grains (Fig. 4.2a) and shows a high hardness of ~ 2 GPa and 
high ASR of 2 Ω cm2 at 600 °C. However the sample with the 100 nm PLD interlayer 
has much finer grains (Fig. 4.2c) and high porosity in the sample and, therefore, has a 
lower hardness of 0.5 GPa and lower ASR value. This again demonstrates that the PLD 
interlayer with a nanoporous microstructure provides more nucleation sites for the screen 
printed cathode layer. The hardness remains relatively constant when the PLD interlayer 
thickness is increased to ~ 500 nm, which suggests that the screen printed layers have 
similar porosity when the PLD layer is ≥ 100 nm thick. Considering that the electrolyte 
surface is not perfectly flat, the microstructure of the thin films in the first tens of 
nanometer thickness range could still be isolated islands, which do not cover the entire 
surface of the electrolyte substrate based on the thin film growth model.[201, 202] 
Although it indeed provides more nucleation sites, the uncovered areas still have the 
screen printing particles agglomerated into large grains similar to the case of the screen 
printed only film. When the PLD interlayer thickness reaches 100 nm, it is expected that 
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most of the electrolyte surface is covered by the PLD interlayer and, therefore, the 
microstructure of the screen printed layer shows much smaller grains with pores. The 
microstructure and hardness of the cathode layers remains the same for the samples with 
thicker PLD layers.  
 
 
Fig. 4.5. The hardness and ASR at 600 °C of the symmetric cells as the function of PLD 
LSCO interlayer thickness 
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Based on the above results, schematics of the microstructures for LSCO cathode 
films with and without PLD LSCO interlayer are presented in Fig. 4.6a.  The cathode 
film without PLD interlayer is consisted of scattered large grains on the uneven 
electrolyte surface and thus is low in film porosity. After inserting nanoporous PLD 
interlayers, the films show significantly enhanced surface coverage with uniform pores 
after high temperature sintering.  
To demonstrate the PLD interlayer effect on the overall cell performance, the 
anode-supported single cells with and without PLD interlayers were prepared. The single 
cell with interlayer thickness of 100 nm was selected to ensure the enhancement with the 
minimal interlayer thickness. As seen from the cross-section SEM images of single cells 
with and without PLD interlayer, a dense and crack-free bi-layer electrolyte of YSZ (~ 
1.5 μm) and CGO (~ 6.0 μm) was successfully prepared on the porous NiO-YSZ anode 
(Fig. 4.6b). A YSZ thin layer is applied to prevent the reduction of Ce
4+
 into Ce
3+
, which 
occurs in hydrogen atmosphere and leads to a decrease in open circuit voltage 
(OCV).[203] Compared with the dense and large grains shown in Fig. 6b, the cathode 
with much higher porosity, smaller grains, and better adhesion with the electrolyte was 
observed (Fig. 4.6c) for the cell with the 100 nm PLD interlayer.  
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Fig. 4.6. The proposed scheme of different microstructure (a) and the different 
microstructure of single cells: (b) without PLD LSCO interlayer, (c) with ~100 nm PLD 
LSCO interlayer. 
 
 
The current–voltage (I–V) characteristics of the anode-supported single cells 
were measured by a two-electrode set-up. Pt wires were used as electrical contacts held 
by Pt paste. The performance was measured at the temperatures ranging from 650 to 800 
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o
C. The cell voltage and power density as a function of current density for the sample 
without the PLD interlayer is shown in Fig. 4.7. The open circuit voltage (OCV) is 1.04 
V at 650 
o
C, and the maximum power densities of the cell are 0.164 (highlighted with a 
red arrow), 0.264, 0.394, and 0.488 W
.
cm
-2
 at 650, 700, 750, and 800 °C, respectively. 
The overall trend is that the power density decreases as the measurement temperature 
decreases, and the cell potential also decreases as a result of the increasing polarization 
losses across the cell with increasing current density. The cell with the PLD interlayer 
(Fig. 4.7) provides an OCV of 1.05 V at 650 °C and the maximum power densities of 
0.276 (highlighted with red arrow), 0.412, 0.466, and 0.626 W
.
cm
-2
at 650, 700, 750, and 
800 °C, respectively. Compared with the cell without an interlayer, the cells with the 
interlayer have more than 50 % increase in the overall maximum power density at both 
650 and 700 °C and ~ 30 % increase in the power density at 800 °C.  
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Fig. 4.7. The power density of single cells with and without PLD LSCO interlayer from 
650 °C to 800 °C. 
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The cross-section SEM images of the single cells with and without PLD 
interlayer are shown in Fig. 4.8a and b. It is clear that, after ~2-3 day power 
measurements, the single cells with PLD interlayer remains a sharp interface between 
the electrolyte and the cathode. However, for the sample without PLD interlayer, there is 
a small gap in several regions along the electrolyte/ cathode interface. In addition, it has 
been previously reported that nanoporous interlayer could present much larger 
thermodynamic factor than some of the powder samples.[189] The larger 
thermodynamic factor will result in a smaller change in the composition at different 
temperatures for cathode films[189], i.e., a longer lifetime and better cyclability for the 
cells with bi-layer cathode. The study suggests that the interlayer approach could 
improve the surface adhesion between the electrolyte and the cathode layer, and thus 
lead to the long term durability of the cells.  
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Fig. 4.8. The cross-section SEM images of single cells (a) without and (b) with the PLD 
interlayer after power density measurement. 
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4.5 Conclusions 
Bi-layer cathodes with different PLD interlayer thicknesses have been 
successfully fabricated by combining PLD with the screen printing method. Compared 
with layers of screen printed LSCO directly onto a  CGO electrolyte, the LSCO layers 
with a thin PLD interlayer (< 50 nm) shows moderate grain size and enhanced film 
porosity, while the LSCO layers with a thick PLD interlayer (thickness ≥1 00 nm) have 
much higher film porosity with small grains and uniform pore structures. The 
mechanical and electrochemical measurement results of those cathodes agree well with 
the microstructure analysis. There is a slight decrease in ASR and hardness if the applied 
interlayer thickness is thin (50 nm); while the ASR is about 5 times lower than that of 
the single layer cathode when the thickness is ≥ 100 nm and the film porosity and grain 
size reach their optimum level based on the hardness measurement. The anode-supported 
single cells with PLD interlayers demonstrated enhanced power performance at all 
temperatures compared with the cells without the interlayer. The maximum power 
densities of the single cells are 0.276, 0.412, 0.466, and 0.626 W
.
cm
-2 
at 650, 700, 750, 
and 800 °C, respectively, with an OCV of 1.05 V at 650 °C. There is a 50 % 
enhancement in power density in the temperature range from 650 to 700
 
°C and ~ 30% 
increase at 800 °C. Overall, the results strongly support that the thin PLD interlayer 
improves the electrochemical performance of the cathode layer as well as the overall cell 
performance and cell integrity. 
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5.  OXYGEN PARTIAL PRESSURE IMPEDANE STUDIES OF INTERLAYER 
EFFECT ON POROUS ELECTRODES OF La0.5Sr0.5CoO3-δ 
 
5.1 Overview 
Thick La0.5Sr0.5CoO3−δ (LSCO) cathodes (~30 µm) have been successfully 
fabricated with and without nanoporous LSCO interlayer on both sides of a dense 
polycrystalline gadolinia doped ceria substrate by combining screen printing and pulsed 
laser deposition (PLD) methods. The electrochemical properties of these LSCO cathodes 
for oxygen reduction reaction have been determined by electrochemical impedance 
spectroscopy (EIS) at different interlayer thickness, temperature and oxygen partial 
pressure. The oxygen reduction of the LSCO electrode with and without interlayer is 
found to be co-limited by the oxygen mass transfer and surface exchange process. As the 
thickness of PLD interlayer increases, the surface exchange resistance of the cathode 
decreases which benefits from significantly enhanced reaction sites by inserting 
nanoporous LSCO interlayer. In addition, this nanoporous LSCO interlayer populates 
the nucleation sites for screen printing cathode resulting in reduced grain size and thus 
more uniform microstructure, which all contribute to the decreased mass transportation 
resistance for the LSCO cathode with nanoporous LSCO interlayer. 
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5.2. Introduction 
Thin film solid oxide fuel cells (THSOFCs), as a clean energy-producing 
technology, have attracted extensive research interest with high efficiency (>60%) [1, 4, 
9, 204, 205]. To lower cost and enhance stability, recent research efforts mainly focus on 
lowering the TFSOFCs operation temperature (500-700 °C or lower) by exploring new 
materials and engineering microstructure. [126, 206, 207] Considering the primary factor 
limiting power output is the slow rate of oxygen reduction at the cathode and 
cathode/electrolyte interface leading to significant cathodic polarization, the cathode and 
the cathode/electrolyte interface have attracted ongoing research efforts [105, 133]  
Because of low cost and simple process, screen printing is one of the most widely 
used fabrication techniques to prepare thick cathode films with thickness ≥10 µm.[198] . 
However, a high temperature thermal treatment (usually over 1100 °C) after the screen 
printing process can cause serious shrinkage in the film thickness, leading to cracks and 
possible delamination [48, 108]. Compared with screen printing method, pulsed laser 
deposition (PLD) is used to prepare much thinner films with the thickness from tens to 
hundreds of nanometers. The film microstructure could be tuned by adjusting the 
deposition parameters but the cost is higher due to the low growth rate. [208] In our 
previous work, thick and porous bi-layer cathodes have been achieved by combining 
PLD and screen printing methods, i.e., PLD was used to grow the nanopororous 
interlayer followed by a thick cathode layer (~30 µm) prepared by the screen printing 
method[41, 209]. This hybrid method was demonstrated to combine the advantages of 
both techniques, namely the cost effectiveness from screen printing and the well-
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controlled microstructure achieved by PLD. Considering the cathode is made of LSCO, 
a mixed ionic and electronic conducting cathode material[210], it is expected that the 
interlayer thickness is closely related to the number of reaction sites, the reaction and 
diffusion rate of oxygen, and the microstructure of the electrodes. However, up-to-date, 
no detailed study of the effect of thickness variation of the interlayer on the bilayer 
cathode performance and reaction mechanism has been made. 
AC impedance with various oxygen partial pressures, as a widely-used method to 
evaluate the cathode performance, has been used in previous studies of dense films or 
porous cathode films, [211-214] including LSCO cathode films.[189, 210, 211, 215] The 
La0.5Sr0.5CoO3-x dense films with thickness of 0.25 and 0.5 μm on YSZ single crystal 
substrates was investigated by Yang et al. in various oxygen pressures from 0.05 atm to 
1 atm with temperatures between 500 and 750 °C. It reported that the electrode reaction 
was limited by the surface exchange reaction.[211] Using a similar method, Kawada 
studied a 1.5 μm dense and thick La0.6Sr0.4CoO3-x polycrystalline film on a CGO 
substrate where the surface exchange process was concluded to be the rate-determining 
step.[215] The porous electrodes of La1-xSrxCoO3 (x=0.2, 0.3, and 0.4) with surface 
areas ∼2 μm-1 was studied by Adler between 550 and 800 °C under different oxygen 
pressures. [210] The surface exchange coefficient and the oxygen vacancy diffusion 
coefficient were derived by using the Adler-Lane-Steele (ALS) model. Wang et al. used 
ALS model to analyze the ~0.5 μm nanocrystalline LSCO films prepared by pulsed laser 
deposition.[216] It was concluded that the fundamental material parameters (surface 
exchange and diffusion coefficients) did not significantly change for nanocrystalline 
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cathode and the very low area specific resistance (0.09 ohm cm
2
 at 600 °C) was due to 
the high surface area (80 μm-1). In short, oxygen partial pressure impedance study is a 
powerful tool in probing the electrode electrochemical reaction process under different 
temperatures. Such tool could be very helpful in exploring the fundamental mechanisms 
on the interlayer enhanced electrode performance.  
In this work, we have conducted a thorough AC impedance study under various 
oxygen partial pressures for the bi-layer cathode films with different nanoporous LSCO 
interlayer thicknesses. These cathodes were prepared on a dense polycrystalline CGO 
substrate by combining pulsed laser deposition and screen printing methods. The goal of 
this work is to examine the bilayer LSCO cathode performance under different 
temperatures, oxygen partial pressures and different interlayer thicknesses so as to 
provide some insights to design the optimum microstructure of mixed ionic-electronic 
conducting cathodes. 
 
5.3. Experimental 
5.3.1. LSCO Powder and PLD Target Processing  
Both the hot-pressed LSCO target and Ce0.9Gd0.1O1.95 (CGO) electrolyte disks 
were fabricated by solid state reaction through mixing stoichiometric amounts of the raw 
powders: La2O3 (99.99%), SrCO3, Co3O4 (99.9%), CeO2 (99.9%), and Gd2O3 (99.9%) 
followed by high temperature sintering. The LSCO with pseudo-cubic structure and 
CGO with fluorite structure were confirmed by X-ray diffraction (XRD). The LSCO 
powders for the preparation of screen printing slurry were obtained by crushing the 
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LSCO target. Then the powders were ball milled for 40 hours to refine the powder size. 
The measured surface area of those powders was 3.2 g/m
2
 by Brunauer-Emmett-Teller 
(BET) surface adsorption method.  
 
5.3.2. Symmetric Cell Fabrication 
Deposition of the LSCO cathode layers was performed on pressed sintered 
Ce0.9Gd0.1O1.95(CGO) disks in a PLD system with a KrF excimer laser (Lambda Physik 
Compex Pro 205, λ=248 nm). The laser beam was focused on the targets at a 45° 
incidence angle to obtain an energy density of approximately 5 J
.
cm
-2
. The thickness of 
the PLD interlayer (~100 nm and ~500 nm) was controlled by deposition time to 
optimize the microstructure of the PLD interlayer and the subsequent screen printed 
layer. In order to fabricate the symmetric cells for impedance measurement, the LSCO 
slurry was screen printed on CGO substrates with and without PLD interlayer followed 
by a high temperature annealing at 1150 °C for 2 h with a ramping rate of 2 °C/min.  
 
5.3.3. Microstructure Characterizations and Alternating Current (AC) Impedance 
Measurements of Symmetric Cells 
The surface morphology of the symmetric cells was characterized by a high 
resolution field emission scanning electron microscope (FE-SEM, JEM-7500F Cold 
Emission SEM) and a transmission electron microscope (TEM, JEOL 2010 analytical 
microscope). Gold mesh current collectors were attached to the symmetrical cells 
prepared as described above.  Gold mesh current collectors were attached to the 
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symmetrical cells prepared as described above. The cells were mounted in a furnace and 
their impedance spectra measured in a two probe configuration. The measurements were 
made by applying a small-amplitude AC voltage (10 mV) to the cell and monitoring the 
response current as a function of the AC frequency (from 1 mHz to 100 KHz). 
Impedance measurements were made in the temperature range of 500-750 °C in 50 °C 
increments and at pO2 = 0.01, 0.1 and 1 atm for all the samples using a Solatron 
Electrochemical Interface (model 1287) and Solartron Impedance analyzer (model 1260).   
 
5.4. Results and Discussion 
To examine the interlayer effect on the microstructure of the LSCO cathode films, 
the cathode films with and without the PLD interlayer were characterized by cross-
sectional SEM, as shown in Fig. 5.1a and b. Fig.1a shows that LSCO particles 
agglomerated into big and dense grains when there is no PLD interlayer. Compared with 
the screen-printed only films and the bi-layer cathode films with a very thin PLD 
interlayer, the LSCO films prepared with thick PLD interlayer as seen in Fig. 5.1b (530 
nm) show much smaller grains with uniform pores and good grain connectivity between 
the electrolyte and cathode films.  The magnified image is the low cross-sectional TEM 
image covering both the LSCO film and the CGO substrate. The interface between the 
film and the substrate is very clean with no indication of interface reaction or 
intermixing. It shows the film with a vertically aligned column-like microstructure with 
nanopores. The light contrast areas between the dark columns indicate porosity though 
some small-size nanoparticles of ~50 nm.  
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Fig. 5.1. The cross-sectional SEM images the cathode films (a) without and (b) with the 
LSCO PLD interlayer. The magnified image exhibits the vertical LSCO nanocolumns 
with nanopores in between. 
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Fig. 5.2 shows a typical AC impedance spectrum of the LSCO/CGO/LSCO 
symmetrical cell. It has two distinct regimes: high frequency (HF) and low frequency 
(LF) regimes. In all the spectra collected, oxygen partial pressures have little effect on 
the magnitude in HF regions. The resistance of the LF regime decreases rapidly with 
increase of the oxygen partial pressure. Wang et al. have determined that the critical 
length Ld = Dchem/kchem ≥ 40 µm at 619 °C for LSCO.[178] When the thickness of the 
mixed conducting oxide electrode is close to or lower than Ld, oxygen mass diffusion 
becomes one of the rate-limiting steps. In this study, the maximum film thickness used 
in the present experiments was ~ 30 µm, close to the critical length; therefore, the 
oxygen diffusion in the film is also expected to play a significant role for oxygen 
reduction reaction. For the LF regime, it is observed a ~45° line on Nyquist plot with a 
depressed semicircle. The depressed semicircle corresponds to the surface exchange 
process. [9] Considering the electrode thickness is close to Ld together with the observed 
~45° line, the electrode reaction is expected to be co-limited by oxygen mass transfer 
and surface exchange process.  
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Fig. 5.2. A typical AC impedance spectrum of the LSCO/CGO/LSCO symmetrical cell. 
 
 
The area specific resistance (ASR) of the cells with and without interlayer is calculated 
from R(LF) * electrode area/2 and is plotted in Fig. 5.3. R(LF) is extracted by 
subtracting the high-frequency intercept from the low-frequency intercept on the 
impedance plot. The area specific resistance of the cells decreases as the temperature 
increases due to the faster oxygen reduction kinetics, and also decreases with increasing 
oxygen partial pressure, i.e.,a higher pO2 in the atmosphere facilitates oxygen reduction 
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in the electrode. The PLD interlayer in the electrodes clearly boosts the electrode 
performance and the area specific resistance of bi-layer cathodes decreases with 
increasing the PLD interlayer thickness. The 100 nm PLD interlayer at 750 °C and pO2 = 
1.0 atm decreases the ASR by 50% compared to the reference sample without any 
interlayer. Increasing the PLD interlayer thickness to 500 nm further improves the 
performance by an additional 40% under the same conditions.  At pO2 = 1.0 and 0.1 atm. 
the ASR depends linearly on the reciprocal temperature as expected for an activated 
process. At pO2 = 0.01 atm a significant departure from linearity is observed suggesting 
that two processes are involved, one of which has a strong dependence on pO2.  
In order to interpret the impedance spectroscopy results, the impedance response 
of the cells is fitted by an equivalent circuit. The components of the equivalent circuit 
represent the physical processes involved in the oxygen reduction reaction at the 
electrode. The experimental data can be successfully modeled by the equivalent 
electrical circuit shown in Fig. 5.4.  
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Fig. 5.3. The temperature dependence of the area specific resistances for the symmetrical 
cells at different oxygen partial pressures. 
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Fig. 5.4. Impedance curves by the curve fitting using the equivalent circuit model. 
 
 
The inductance is due to the electrical connections between the cell and the 
instruments. The effects of inductances were often observed at higher frequencies. The 
overall ohmic resistance includes the ohmic resistance of the electrolyte, electrode, and 
current collectors, as well as the lead wire resistances. Two steps, mass transfer of 
oxygen and surface exchange at the active sites are, assumed at both electrodes. By 
fitting the impedance data of the cathode with and without interlayer, it is observed that 
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there is no significant difference in the interfacial resistance indicating the grain size 
does not play any important role for the interfacial properties. Constant phase elements 
are used to represent the depressed arcs in the impedance spectra. In general, for the 
reference sample the two processes are partially resolved in the impedance spectra. For 
the samples with interlayers the spectra are not well resolved except at the lowest pO2 
(0.01 atm) and the highest temperatures (650 and 700 °C).  
The impedance of each component of the symmetrical cells was determined by 
curve fitting using the above equivalent circuit model. As shown in Fig. 5.4, the obtained 
fitting curve agrees very well with the measured impedance at all frequencies. The lower 
frequency arcs in the impedance spectra are assumed to correspond to the surface 
exchange process, while the higher frequency arcs in the impedance spectra correspond 
to the diffusion through the electrode. The surface exchange process depends on pO2 
while the transfer reaction does not.  
The temperature dependence of the surface exchange resistances for the symmetrical 
cells at different oxygen partial pressures is shown in Fig. 5.5. The surface exchange 
resistance decreases with the increase in temperature, oxygen partial pressure and the 
PLD layer thickness. Inserting the 100 nm PLD interlayer at 750 °C and pO2 = 0.01 atm, 
the surface exchange resistance decreases by ~ 50% compared to that of the reference 
sample without any interlayer. Further increasing the PLD interlayer thickness to 500 nm 
improves the performance by an additional ~20% under the same conditions.  Due to the 
high surface area provided by PLD nanoporous interlayer, increasing the PLD layer 
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thickness could increase the reaction sites of the cathode so as to decrease the surface 
exchange resistance.  
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Fig. 5.5. The temperature dependence of the surface exchange resistances for the 
symmetrical cells at different oxygen partial pressures. 
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Fig. 5.6 displays the pO2 dependence of the surface chemical exchange resistance 
of the cathode with and without interlayer at various temperatures. If considering surface 
oxygen reaction: 1/2O2 + VO
..
  Oo
x
 +2h
.
 and the pressure dependence of the oxygen 
vacancy concentration is very small, the surface exchange resistance could be expected 
to have a pO2
-1/2
 dependence.[217] As seen the fitting of the data in Fig. 6, a reasonable 
agreement with this relation is observed where exponents are close to 0.5. An exception 
exhibits for the cathode with the 500 nm-thick interlayer sample at 500-550 °C where 
the value is somewhat smaller (∼0.3) and low oxygen partial pressure (0.01 atm). The 
deviation may be due to the slow start-up effect, oxygen vacancy concentration variation 
or the cathode kinetics, at this case, dominates by Knudsen diffusion in the pores of the 
electrode.[210] 
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Fig. 5.6. Dependence of the surface exchange on oxygen partial pressure. The numbers 
are the exponents in a (pO2)
-n
 fit. 
 
Considering the fundamental parameters of the nanocrystalline LSCO cathode 
such as surface exchange coefficient and diffusion coefficient are the same as the bulk 
screen printing layer,[216] the differences of the cathode with and without interlayer are 
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primarily the surface area density and cathode microstructure. To further examine the 
interlayer thickness effect, the power densities of the cells with and without interlayer 
were measured and fitted. It was reported that the cells with the 100 nm interlayer have 
more than 50% increase in the overall maximum power density at both 650 and 700 °C 
compared with the cell without an interlayer. [41] A later study shows a further ~ 40% 
power density increase for the single cell with 500nm LSCO interlayer. [41] Considering 
the cathode activation loss dominates and neglecting concentration losses at low current 
density regime, the activation overpotential of a fuel cell can be expressed as ηact= OCV 
- Vmeas - j* ASRe.[156] Here, OCV is the theoretical voltage of a fuel cell at 
thermodynamic equilibrium, Vmeas is the measured voltage, j is the current density, and 
ASRe is the area specific resistance of the electrolyte. Fig. 5.7 shows the ηact as function 
of ln(j) plots of LSCO cathode with and without interlayers at 700 °C. Two parameters 
(j0 and α) are obtained by fitting the power density with the Butler-Volmer equation 
(5.1): 
ηact = -RT/αnF ln(j0) + RT/αnF ln(j)                                                                  (5.1) 
where R is the gas constant, F is the Faraday constant, j0 is the exchange current density, 
α is the charge transfer coefficient, and n is set as 2 to reflect the two-electron process. 
For a typical curve, the interception of the fitted red line with y-axis yields the value of 
ln(j0) while the slope of the fitted straight line can be calculated to obtain α. It is found 
that α value for the cathode with and without interlayer is within a comparable range 
indicating similar oxide ion incorporation kinetics for those cathodes. For cathode 
without interlayer, the value for j0 was 0.050 A/cm
2
 at 700 °C. For the cathode with 100 
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nm interlayer, the corresponding value for j0 was 0.098 A/cm
2
. When the interlayer 
thickness increases to ~500 nm, the j0 was 0.121 A/cm
2
 at 700 °C. Because j0 is 
proportional to the activated reaction sites, the results demonstrate that the activated 
reaction sites of cathodes with the LSCO interlayer (>100 nm thickness) is ~2 times of 
the cathode without interlayer resulting in the enhancement of the cathode performance. 
 
 
 
 
Fig. 5.7. ln(j)-ηact plots for LSCO cathode with different interlayer thicknesses at 700 °C. 
 
 139 
 
 
 
 
Fig. 5.7. Continued. 
 
 
 Thicker LSCO interlayer results in more reaction sites and therefore the 
enhanced cathode performance. For mixed ionic and electronic conducting cathode with 
expanded reaction area beyond triple phase boundaries, create more active surface areas 
so as to achieve more reaction sites is a widely adopted approach to enhance the cathode 
performance. Similarly, other reports also found that nanoscale mixed conducting 
cathodes prepared by infiltration,[218] metal organic deposition,[219] sol-gel[220] 
where all exhibited enhanced catalytic performance due to increased reaction sites. It is 
expected to achieve even higher enhancement for those newly developed cathode 
materials including Ba0.5Sr0.5Co0.8Fe0.2O3-δ, [101] PrBaCo2O5+δ and [105] GdBaCo2O5+δ, 
[104] because of their extended reaction areas. 
Temperature, oxygen partial pressure and the PLD layer thickness also have an 
effect on oxygen diffusion resistances in the electrodes as shown in Fig. 5.8. The 
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diffusion resistances decrease with the increase temperature because of the increase of 
the diffusion coefficient with temperature. The ASR values of diffusion resistance for 
the three electrodes are almost independent of pO2 for the three electrodes except that at 
the lowest pO2 and highest temperatures, the resistance remains constant suggesting that 
the oxygen supply rate becomes limited. Compared with diffusion resistance of LSCO 
cathode without PLD interlayer, there is a ~30% decrease of diffusion resistance for the 
cathode with 100 nm PLD interlayer. Further increase the PLD interlayer thickness, only 
a slight decrease of diffusion resistance is observed. It was reported in our previous work 
that the LSCO cathode with PLD interlayer (thickness ≥ 100 nm) have much higher 
film porosity with small grains and uniform pore structures compared with screen 
printed only LSCO cathode and the microstructure of cathode is almost the same if the 
PLD interlayer thickness keep increasing up to ~500 nm. [41] Considering the similar 
trend of diffusion resistance and microstructure as function of interlayer thickness, the 
decrease of diffusion resistance by implementing PLD interlayer may be correlated with 
smaller grain size and more porous microstructure for the cathodes with PLD interlayer. 
In addition, it is expected that the solid state oxygen transport includes the gas diffusion, 
oxide-ion bulk diffusion, grain boundary and dislocation core pathway together with 
surface diffusion. [116] The more porous microstructure of cathode results in lower 
oxygen mass transfer resistance indicating that uniform pores facilitate the oxygen gas 
diffusion and the pore surface benefits the oxygen effective surface diffusion of the 
cathode, similar to previous reports [116, 210, 221]. 
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Fig. 5.8.  The temperature dependence of the oxygen mass transfer resistances for the 
symmetrical cells at different oxygen partial pressures. 
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It is interesting to note, for the LSCO cathodes with and without interlayer, that 
the mass diffusion resistance is higher than cathode surface exchange resistance except 
for cathodes at low oxygen partial pressure (0.01 atm). Therefore, oxygen mass transfer 
process of LSCO cathodes with thickness higher than 30 µm plays an important role in 
determining overall ASR resistance of the cathode. Preparing the bilayer LSCO cathodes 
with thicker interlayer, the difference between surface exchange resistance and oxygen 
mass transfer resistance becomes smaller.  The oxygen reduction reaction is equally co-
limited by those two processes. 
 
5.5 Conclusions    
The electrochemical properties of LSCO cathode with and without nanoporous 
LSCO interlayer were studied with ac impedance spectroscopy under controlled 
temperature and pO2 conditions. Two reaction steps, i.e., the gas phase oxygen exchange 
at the electrode surface and oxygen mass transfer, are co-limited the electrode kinetic 
performance. A corresponding equivalent circuit model is proposed to interpret the 
observed impedance spectra. The oxygen chemical surface exchange resistance 
decreases as a function of temperature and interlayer thickness. The surface exchange 
resistance decreases as interlayer thickness increases which is due to the increased 
activated reaction sites. The activated reaction sites of cathodes with the LSCO 
interlayer (>100 nm thickness) is ~2 times of the cathode without interlayer resulting in 
the enhancement of the cathode performance. Thicker LSCO interlayer results in more 
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reaction sites in the cathode. The oxygen mass transfer resistance also decreases because 
of more porous microstructure of the cathode with PLD interlayer. 
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6. VERTICALLY ALIGNED NANOCOMPOSITE ELECTROLYTES WITH 
SUPERIOR OUT-OF-PLANE IONIC CONDUCTIVITY FOR SOLID OXIDE FUEL 
CELLS*  
 
6.1 Overview 
Two-phase (Ce0.9Gd0.1O1.95)0.5/(Zr0.92Y0.08O1.96)0.5 (GDC/YSZ) nanocomposite 
thin films with vertically aligned structure are grown as the electrolyte for thin film solid 
oxide fuel cells (TFSOFCs). X-ray diffraction (XRD) and transmission electron 
microscopy (TEM) results confirm that GDC and YSZ grow as separated, high 
crystallinity nanocolumns with tunable column width on both single crystal and 
polycrystalline anode substrates. Impedance measurements demonstrate ~ 50% 
enhancement in ionic conductivity compared to pure single-crystal-like GDC thin film. 
The enhanced properties in the GDC/YSZ vertically aligned nanocomposite (VAN) 
system may be attributed to two-phase strain coupling and the fast ionic transport rate 
along the vertical interfaces. The VAN is applied in thin film SOFC as a part of the 
electrolyte in the single cells. The overall power density increases more than 50% 
compared with that of the cells without VAN electrolyte. 
 
____________  
* Reprinted with permission from “Vertically aligned nanocomposite electrolytes with 
superior out-of-plane ionic conductivity for solid oxide fuel cells”, Q. Su, D. Yoon, A. 
Chen, F. Khatkhatay, A. Manthiram, and H. Wang, Journal of Power Sources, 242 (2013) 
455–463. Copyright (2013). 
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This work demonstrates the first VAN nanostructured electrolyte with the essential 
vertical ion-transport channels. The new VAN electrolyte provides superior out-of-plane 
ionic conductivity compared to those single phase electrolytes as well as the nanolayered 
electrolytes. 
 
 
6.2. Introduction 
Because of their high efficiency and wider range of fuel options, thin film solid 
oxide fuel cells (TFSOFCs) have attracted extensive research interests.[1, 4, 52, 222] 
The main issue for SOFCs is to achieve desired cell performance at intermediate 
temperatures (600-800°C) or lower.[4] However, the ionic conductivity of the electrolyte 
decreases significantly at low temperatures, leading to low power density. The most 
promising way to decrease the ohmic loss of the electrolyte at low temperatures is to 
reduce the electrolyte thickness, which, however, may raise concerns about the 
durability and mechanical stability of the electrolyte. Therefore, exploring higher 
conductivity electrolytes is critical for developing low-temperature (LT) SOFCs.[52] 
Following the widely used Yttria stabilized zirconia (YSZ),[223, 224] much 
work has been done to investigate various alternateve electrolytes, among which 
aliovalent-doped ceria (doped CeO2) and isovalent-cation–stabilized bismuthoxides have 
attracted much attention because of their superior ionic conductivity at low 
temperatures.[39, 225] Unfortunately, the higher conductivity comes at the expense of 
thermodynamic instability, which raises the concern about the electrolyte reliability. 
Besides material exploration, material nanostructure engineering provides another 
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possibility to enhance the ionic conductivity. In zirconia and ceria based electrolyte 
systems, the grain size dependence of conductivity has been investigated and higher 
ionic conductivity has been observed in nanocrystalline electrolytes.[82, 83] On the 
other hand, the ionic conductivity of YSZ thin film was found to increase when the film 
thickness decreases to below 30 nm, which demonstrates an unblocking grain boundary 
effect.[81] These results suggest that, when the grain size decreases to nanometer range, 
the ionic conductivity properties of the electrolyte could dominate by interface rather 
than intragrain. 
Based on the above findings, a multilayer strategy (as shown in Fig.6.1a.) has 
been applied to create heterogeneous interfaces and is widely used to study the 
interfacial effect of two ionic conducting systems.[84] A typical example is the two-
phase multilayered calcium and barium fluoride (CaF2 and BaF2). The fluoride ion 
conductance was drastically enhanced with increasing interface density,[84] which was 
attributed to the influence of space charge regions at the interfaces where the carrier 
density was significantly increased. Besides the two-phase multilayered fluoride systems, 
the ionic conductivity in multilayered oxide systems including YSZ/SrTiO3 (STO), 
YSZ/Y2O3, YSZ/GDC etc. have also been reported to be enhanced.[85, 86, 91] The 
enhancement in multilayered oxide systems was correlated to the interfacial strain or fast 
transportation along interface rather than the space charge regions at the interfaces.[85, 
91] This provides possibility to create fast transportation channels (interfaces) or tune 
the interfacial strain to enhance the ionic conductivity. Generally, the transportation 
parallel to the grain or phase boundaries is strongly enhanced, while the transportation 
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across the grain or phase boundaries is blocked for oxide systems.[226] Overall, the 
multilayer strategy helps to facilitate the diffusion along the parallel interfaces, but has 
limited impact on the transport property in the out-of-plane direction that is required for 
the oxygen ion transport in SOFCs. 
To achieve enhanced vertical transport properties in electrolyte, self-assembled 
vertically aligned nanocomposite (VAN) structure with vertical interfaces is proposed 
and illustrated in Fig. 6.1b. Various VAN systems have been demonstrated in functional 
oxides for multiferroics,[227, 228] low field magnetoresistance materials,[229, 230] and 
others.[231, 232]
 
Because the interface area within the composite is much larger than the 
contact area of each nanocolumn with the substrate, the VAN systems are free from 
substrate clamping constraints and are mainly controlled by vertical strain. This provides 
enormous potential to control strain vertically in much thicker films with 
correspondingly large volume.[227]  
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Fig. 6.1. (a) Illustration of a conventional thin-film multilayers strategy with lateral 
interfaces to enhance the in-plane ionic conductivity where “Y” and “G” stands for YSZ 
and GDC electrolyte, respectively. (b) Schematic diagram of a self-assembled vertically 
aligned nanocomposite (VAN) film with vertically aligned interfaces to increase the out-
of-plane ionic transportation. 
 
 
In this paper, Pulsed laser deposition (PLD) is used to fabricate a unique 
YSZ/GDC VAN structure in one-step on both single crystalline STO (001) and 
polycrystalline NiO-YSZ substrates based on the spontaneous phase ordering. The ionic 
conductivity of the VAN electrolyte is measured and compared with pure YSZ, GDC 
electrolyte and multilayer YSZ/GDC electrolyte. The possible mechanism for the 
enhanced ionic transport properties of VAN electrolyte is also proposed. The VAN 
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structure consisting of YSZ/GDC composite as electrolyte is introduced as part of 
electrolyte to achieve an overall enhancement in power output for SOFCs. 
 
6.3. Experimental 
6.3.1Targets and Anode Disks Processing  
The PLD targets including La0.5Sr0.5CoO3-δ (LSCO), 8 mol% yttria stabilized 
zirconia (YSZ) (500 nm, Tosoh Co.), Ce0.9Gd0.1O1.95 (GDC), YSZ and GDC composite, 
60 wt. % NiO + 40 wt. % YSZ (NiO-YSZ, 500 nm, Praxair Inc) anode disks were all 
fabricated by solid state reaction through mixing stoichiometric amounts of the raw 
powders: La2O3 (99.99%), SrCO3, Co3O4 (99.9%), CeO2 (99.9%), YSZ and Gd2O3 
(99.9%). The sintering details can be found elsewhere [233]. YSZ and GDC composite 
target was sintered at 1100 °C for 12 h in oxygen. The phase purity of LSCO and 
GDC/YSZ composite targets were confirmed by X-ray diffraction (XRD).  
 
6.3.2 Thin Film Preparation 
Platinum thin layers (~100 nm) were sputtered both on single crystal SrTiO3 
(STO) (001) substrates as bottom electrode and on YSZ and GDC composite thin films 
as top contact. The YSZ and GDC composite thin films were deposited on single crystal 
SrTiO3 (STO) (001) substrates and Pt-sputtered STO substrates in a PLD system with a 
KrF excimer laser (Lambda Physik Compex Pro 205, λ=248 nm). The deposition 
frequency varied from 1 Hz to 10 Hz to optimize the column width and interface density. 
The laser beam with approximately 5 J
.
cm
-2 
in energy density was focused on the targets 
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at a 45° incidence angle. An optimized substrate temperature of 700 °C and oxygen 
pressure of 200 mTorr was employed for the depositions. After the deposition, the films 
were cooled down at 10 °C min
−1
 under oxygen pressure of 200 Torr to assure proper 
film stoichiometry. The phase and orientation of the films were examined by XRD (θ–2θ 
scan with Cu Kα radiation, λ = 1.5406 Å, Bruker D8 Discover X-ray powder 
diffractometer). 
 
6.3.3 Single Cells Fabrication 
To prepare the anode-supported single cells, commercial NiO-YSZ cermet 
powder was compacted into anode disks under uniaxial pressure using a die set of 1 inch 
(2.54 cm) in diameter.  The disks were then sintered at 1300 °C for 3 h. Thin film 
electrolytes were coated by PLD with a growth rate of ~ 0.8, ~ 0.9 and ~ 0.9Å/s for YSZ, 
GDC and YSZ/GDC VAN layers separately.  The YSZ layer thickness was kept ~ 1.5 
μm for all single cell samples. The pure GDC layer with the thickness of ~ 4.5 μm was 
coated as the reference sample. To study the electrolyte architecture effect on overall 
power density, the GDC and YSZ/GDC VAN electrolyte were coated with different 
sequence by keeping the total thickness of GDC and YSZ/GDC VAN electrolyte ~ 4.5 
μm. A screen printed LSCO cathode layer was then screen printed onto a NiO-YSZ 
anode disk substrate. All of the cells were annealed at 1150 °C for 2 h with a ramping 
rate of 2 °C min
-1
 to ensure fair comparison. 
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6.3.4 Microstructure and Electrochemical Properties Characterization 
The microstructure of these films was first characterized by a high resolution 
field emission scanning electron microscope (FE-SEM, JEM-7500F Cold Emission SEM) 
and by transmission electron microscopy (TEM) (JEOL JEM-2010 and FEI Tecnai G2 
F20 operated at 200 kV). Cross-sectional and plan-view samples for TEM analysis were 
prepared by a standard manual grinding and thinning procedure followed by a final 
polishing step in a precision ion polishing system (PIPS 691, Gatan). STEM was 
conducted on the FEI Tecnai F20 with a point-to-point resolution of 0.27 nm. 
Platinum grids were gently pressed onto Pt top contact and were used as current 
collectors. Using a potentiostat/impedance analyzer (Reference 600
TM
, Potentionstat/ 
Galvanstat/ ZRA, GAMRY INSTRUMENTS), AC impedance spectroscopy 
measurements were conducted in the frequency range of 10
-1 – 3×105 Hz in the 
temperature range from 400 to 700 °C. The AC impedance data were measured after a 
waiting period of an hour for temperature stabilization. The anode-supported single cells 
prepared with and without the interlayer were used to evaluate the VAN electrolyte 
effect on the single cell performance. Humidified H2 with a constant flow rate of 80 
mL
.
min
-1 
and air with at a constant flow rate of 120 mL
.
min
-1 
were supplied as the fuel 
and the oxidant, respectively, during single-cell performance test.  
 
6.4. Results and Discussion  
The XRD pattern of the YSZ and GDC composite target is shown in Fig. 6.2a. 
The diffraction peaks of GDC and YSZ reveal the typical fluorite structure of GDC and 
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YSZ,
 
[234] indicating no obvious solid state reaction between GDC and YSZ. Fig. 6.2b 
shows the XRD θ–2θ scan of a typical YSZ and GDC nanocomposite film deposited at 
10 Hz. The (002) peaks for GDC and YSZ slightly overlap as a possible result of the 
vertical strain coupling between the two phases. It can be clearly seen that only the (002) 
peaks of both the GDC and YSZ phases are observed, indicating that both phases have 
grown highly textured along (00l) on the STO (001) substrate. Considering the lattice 
parameter for STO, YSZ and GDC is 3.91 Å, 5.13 and 5.41 Å, respectively, YSZ and 
GDC will prefer an epitaxial cubic on cubic growth with a 45° in-plane rotation with 
STO substrate in order to minimize the lattice mismatch (as illustrated in Fig. 6.2c). The 
epitaxial growth of YSZ/GDC composite on STO results in the preferred (001) out-of-
plane texture. Several small peaks, which are also observed in the baseline scan on STO 
single crystalline substrates, are marked in the XRD profile as background peaks from 
the substrate and the XRD holder.  
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Fig. 6.2. X-ray diffraction (XRD) pattern of a) the YSZ and GDC composite target 
showing no inter-reaction between YSZ and GDC and b) a typical YSZ/GDC 
nanocomposite film deposited at 10 Hz showing an epitaxial growth of YSZ/GDC 
nanocomposite film. 
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TEM was conducted to examine the microstructure of films deposited under 
different deposition frequencies. Fig. 6.3(a) and (b) show the cross-sectional TEM 
images for the YSZ/GDC nanocomposite films on the STO (001) deposited at 1 Hz and 
10 Hz, respectively. It can be seen that the sub-20 nm epitaxial growth of YSZ and GDC 
columns are vertically aligned on the substrate, indicating the self-assembled VAN 
structures. It could be seen that the average column width decreases as the deposition 
frequency increases due to the reduced diffusion length of the adatoms as deposition 
frequency increases. Fig. 6.3c and d are the corresponding selected area electron 
diffraction (SAED) patterns of Fig. 6.3a and b. The orientation relations between both of 
the YSZ/GDC nanocomposite films and the substrates are determined to be YSZ (002) 
/GDC (002)/ STO (002), and YSZ [220] /GDC [220] /STO [200]. This in-plane 45
o
 
rotation enables a better lattice matching of YSZ and GDC with the underlying STO 
(a=3.905 Å). The relative strain (ε) is estimated from the equation: ε = α-αbulk/αbulk, 
where αbulk is the lattice constant of unstrained bulk material (For GDC a = 5.418 Å, and 
for YSZ, a = 5.147Å). The out-of-plane lattice parameters of YSZ and GDC are 
calculated as 5.27 Å and 5.28 Å based on the XRD and SAED patterns. The YSZ/GDC 
VAN electrolyte results in a ~2.6 % compressive strain for GDC and a ~2.2 % tensile 
strain for YSZ out-of-plane.  
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To confirm that YSZ and GDC grow as alternating columns without intermixing, 
scanning  transmission electron microscopy (STEM) was conducted under a high-angle 
annular dark field (HAADF) condition, where the contrast is roughly proportional to 
atomic number square (Z
2
, also called Z-contrast imaging). A typical Z-contrast image 
over a large area of YSZ/GDC VAN structure is shown in Fig. 6.3e. Because of the 
higher Z numbers of Ce and Gd, GDC columns have much higher contrast (brighter 
columns) than YSZ columns. The GDC and YSZ grains grow into well-aligned vertical 
columns and alternate with each other with a column size of ~ 5-15 nm. Energy 
dispersive X-ray (EDX) line scan was conducted over the same area (not shown here), 
and no obvious intermixing was observed. The plan-view TEM seen in Fig. 6.3f shows 
the nanoscale checkerboard-like microstructure of YSZ/GDC nanocomposite film, 
indicating a spontaneous phase ordering of the two phases.  
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Fig. 6.3. Cross-sectional TEM images for the YSZ/GDC nanocomposite films on 
STO(001) deposited at a) 1 Hz and b)10 Hz, which clearly demonstrate different column 
size by different deposition frequencies. The selected area electron diffraction (SAED) 
patterns of YSZ/GDC nanocomposite films on STO(001) deposited at c) 1 Hz and d)10 
Hz indicating a 45 degree rotation matching on STO substrate. The cross-sectional 
STEM images e) and f) plan-view TEM images of YSZ and GDC nanocomposite thin 
film show the phase separation and arrangement. 
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In order to measure the electrochemical characteristics and test the performance 
of the VAN electrolyte, multilayer samples of Pt/VAN/Pt on STO (001) substrates were 
prepared. The total VAN electrolyte thickness is about 1 µm. The inset of Fig. 6.4 shows 
the typical impedance spectra measured in air at 600 °C for pure GDC thin film and 
YSZ/GDC VAN thin films. A single RC element (i.e., a resistor (R) in parallel with a 
capacitor (C)) is used as the equivalent circuit to obtain the impedance-frequency 
relation at various temperatures. A single impedance arc of the thin films is ascribed to 
the total contribution of grains and grain boundaries of the ionic resistivity. The ionic 
conductivity dominates in these materials including YSZ and GDC at the measured 
temperatures ranges.[5] The thin film ionic conductivity could be calculated as σionic = 
l/AR, where σionic is the ionic conductivity, R is the thin film resistance, l is the length of 
the thin film and A is the cross-sectional area. The total ionic conductivity follows the 
Arrhenius law :  
          σT = σ0 exp (-Ea/kT)                                                                                          (6.1) 
where σo, a constant related to the density oxide vacancies, is the pre-exponential factor, 
Ea is the activation energy for ionic migration and k is the Boltzmann constant.  
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Fig. 6.4. An Arrhenius plot of ionic conductivity as a function of temperature showing 
enhanced ionic conductivity for YSZ/GDC VAN electrolyte compared to pure GDC and 
YSZ thin film. The inset is a specific impedance plot of GDC film and YSZ and GDC 
VAN film at 600 °C. 
 
 
The Arrhenius plots of ionic conductivity multiply temperature versus reciprocal 
temperature for GDC thin film and YSZ/GDC VAN thin film are plotted in Fig. 6.4. The 
Arrhenius plots of ionic conductivity of the single-crystal-like YSZ thin film and 
YSZ/GDC multilayer film are also presented for a comparison.[85] Previously, the ionic 
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conductivity multiply temperature of single-crystal-like YSZ thin film and YSZ/GDC 
multilayer film was reported to be 0.41 and 0.82 ohm
-1
cm
-1
K at 600 °C, respectively.[85] 
In comparison with the ionic conductivity of pure YSZ thin film and pure GDC thin film, 
the ionic conductivity of the YSZ/GDC VAN thin film is higher for the entire 
temperature range by applying the VAN microstructure. Both the VAN samples 
deposited with different frequencies show enhanced conductivity, e.g., ionic 
conductivities multiply temperature for 5 Hz and 10 Hz samples are 0.88 and 0.96 ohm
-
1
cm
-1
K at 600 °C, respectively. The higher the deposition frequency for the VAN 
electrolyte, the higher the ionic conductivity is. Since the vertically aligned interface 
density increases as deposition frequency increases, the result indicates that the ionic 
conductivity properties of VAN electrolyte dominate by interfaces rather than intragrain. 
It is also observed that the activation energy for the VAN electrolyte film is lower than 
that for the pure YSZ and GDC film, indicating lower oxygen ion migration energy for 
the VAN electrolyte film, thus may benefit its application in LT SOFCs.  
The maximum value for the ionic conductivity appears to be at least 2 times 
higher than that of single-crystal-like YSZ thin film and ~50% higher than that of single-
crystal-like GDC thin film reported. Since there are strong indications of carrier 
depletion for YSZ and GDC oxide systems with increasing interface density and the 
Debye screening length is inversely proportional to the square root of the carrier density 
which is only ~0.1 nm in this system,
 
[226, 235] the enhanced oxide ion conductance 
may be resulting from the lattice strain near the layer interfaces or high oxide ion 
mobility along the interface. Fig. 6.5a is the high resolution TEM (HRTEM) micrograph 
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showing the vertical interface between YSZ and GDC. To better illustrate the dislocation 
features at the interface, Fourier-filtered image of HRTEM is shown in Fig. 6.5b. The 
interface dislocations are identified by the dashed-line circles in the filtered image. The 
dislocation density is similar at each YSZ/GDC interface regardless of the number of 
interfaces in these films. Those vertical interfaces with extended defects due to the 
lattice mismatch may provide fast channels for oxide ion transportation out-of-plane. 
Besides the interfaces, the lattices strain may also play a role. For the oxide ion 
conductor including YSZ, GDC and etc., there is an exponential dependence of the ionic 
conductivity σO
2-
int in the ionic conductor close to the interface on the migration volume 
∆Vv
M
 of vacancies and on the lattice misfit f12:  
            ln(σO
2-
int/ σO
2-
vol) ~ ∆Vv
M
f12                                                                              (6.2) 
where σO
2-
int/ σO
2-
vol is the ratio of ionic conductivity of the interface regime and the 
bulk.[88] For oxide systems including YSZ, GDC etc., which have a vacancy-type 
diffusion mechanism, the migration volume is usually positive.[87] Thus, the tensile 
strain has a positive effect on the interfacial ionic conductivity for YSZ and GDC 
systems which were also demonstrated by previous work.[89, 90] In this work, there are 
2.6% out-of-plane compressive strain for each GDC column and a 2.2% out-of-plane 
tensile strain for each YSZ column. The overall ionic conductivity enhancement may be 
resulted from both higher ionic transporting along vertical interfaces and the strain 
effects within the two vertical phases in which the fast ionic transport along the 
interlayer plays a dominant role. Considering the ionic resistance for YSZ is higher than 
that of GDC, the increase of ionic conductivity of YSZ from tensile strain may exceed 
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the decrease of ionic conductivity of GDC due to the compressive strain. Therefore, an 
overall enhanced ionic conductivity for YSZ/GDC VAN electrolyte is observed. The 
vertical strain could be further optimized by the composition and column width.  
 
 
 
 
Fig. 6.5. (a) Cross-sectional HRTEM image of YSZ/GDC VAN thin film and (b) its 
corresponding FFT image suggest the strain coupling along the vertical YSZ/GDC 
interfaces. 
 
 
To demonstrate the VAN electrolyte effect on the overall cell performance, 
anode-supported single cells with and without the VAN electrolyte were prepared. As 
seen from the cross-sectional backscattered SEM images of single cells with the VAN 
electrolyte, the dense and crack-free electrolytes were successfully prepared on porous 
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NiO-YSZ anodes. A single cell with the bi-layer electrolyte of YSZ (~1.5 μm) and GDC 
(~4.5 μm) (without VAN layer) is used as a reference sample.[41] The single cells with 
VAN electrolytes applied either in the middle of YSZ and GDC electrolyte (Fig. 6.6a) or 
on top of YSZ and GDC electrolyte (Fig. 6.6b) were prepared to optimize the electrolyte 
structure. The columnar feature with different contrasts is observed for the VAN 
electrolyte layer. A YSZ thin layer is applied to prevent the reduction of Ce
4+
 into Ce
3+
 
which occurs in hydrogen atmosphere and leads to the decrease of open circuit voltage 
(OCV).[203]  
The growth of dual-phase electrolyte mainly involves two stages, the clusters 
nucleation and film growth. At the very early stage of composite film growth, different 
adatoms will arrive at the substrate surface simultaneously. Same phase molecules will 
accumulate and nucleate to minimize the total system free energy. The phase column 
widths are determined by the adatoms’ diffusivity as a competition. The following film 
growth will perform as homogeneous phase growth mode in vertical and heterogeneous 
growth in lateral, defined by the energy minima and to reduce the lattice mismatch. 
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Fig. 6.6. Cross-sectional backscattered SEM images of single cells with VAN electrolyte 
a) in the middle of YSZ and GDC electrolyte and b) on the top of YSZ and GDC 
electrolyte. 
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Compared with the vertically-aligned dual phase structure achieve on single 
crystal substrate, alternating columns can be achieved on polycrystalline anode substrate 
either in perfectly vertically-aligned or tilted at a certain angle as seen in the illustration 
in Fig. 6.7a. To confirm, cross-sectional TEM has been conducted on the YSZ/GDC 
composite electrolyte on polycrystalline anode substrate. Fig. 6.7b is the TEM image of 
the top portion of YSZ/GDC composite electrolyte on NiO-YSZ polycrystalline anode 
substrate coated with YSZ and GDC. The alternating columns with different contrasts 
indicate that dual-phase solid electrolyte has an alternating columnar growth and the 
VAN-like microstructure could extend to over micron range. Perhaps due to the surface 
roughness of polycrystalline substrate, the nanocolumns are either vertically-aligned or 
tilted at a certain angle which demonstrates that a VAN-like microstructure has been 
successfully fabricated on a polycrystalline anode substrate regardless of the surface 
roughness. Fig. 6.7c is the high resolution TEM image of selected area in Fig 7b. The 
alternating sub-20nm columns are observed where the average column width of GDC is 
~13 nm and average column width of YSZ is ~ 5 nm. Those results have been further 
confirmed by the STEM study in Fig. 6.7d where different contrasts of columns can be 
seen, demonstrating two-phase structure without obvious intermixing. It is found that the 
average column width obtained from TEM images is smaller than that obtained from 
backscattered SEM image possibly because of the resolution limitation of SEM, i.e., one 
column observed in SEM may contain several nanocolumns identified by TEM. 
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Fig. 6.7. (a) Schematic illustration  of YSZ/GDC composite electrolyte coated on 
polycrystalline substrate, (b) cross-sectional TEM image of YSZ/GDC composite 
electrolyte coated on polycrystalline substrate showing alternating YSZ and GDC 
columns either vertical aligned or slightly tilted, (c) high resolution TEM image and (d) 
STEM image of YSZ/GDC composite electrolyte demonstrating dual-phase electrolyte 
without formation of solid solution. 
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A nanoporous LSCO cathode layer has been applied between the electrolyte and 
screen printed LSCO cathode to improve the electrochemical performance of the cathode 
layer as well as the overall cell performance and cell integrity. [41, 209]A heating 
treatment at 1150 °C for 2 h is adopted to ensure the adhesion for the screen printed 
cathode. Concerning the possible formation of CeO2-ZrO2 solid solution, there could be 
some minor Ce
4+
 diffusion into YSZ matrix based on a previous study. [234] However 
the two phase separation in the YSZ and CGO VAN structure is evident based on TEM, 
STEM and backscattered SEM images in Fig. 6.3, 6.6 and 6.7, respectively, for the VAN 
samples grown on STO and polycrystalline substrates. Therefore, it is believed that the 
diffusion is minor and it does not significantly affect the cell performance. 
The current–voltage (I–V) characteristics of the anode-supported single cells 
with and without the VAN electrolyte were measured using a two-electrode set-up. Pt 
wires were used as electrical contacts held by Pt paste. The cell performance was 
measured at the temperatures ranging from 700 to 800 °C. The cell voltage and power 
density as a function of current density for the sample without VAN electrolyte is shown 
in Fig. 6.8a. The open circuit voltage (OCV) is 1.03 V at 700 °C and the maximum 
power densities of the cell are 0.227, 0.376 and 0.571 W.cm
-2 
(highlighted with red 
arrow) at 700, 750 and 800 °C, respectively. The overall trend is that the cell potential 
decreases as a result of the increasing polarization losses across the cell with increasing 
current density, and the power density also decreases as the operating temperature 
decreases. The cell with the YSZ/GDC VAN electrolyte applied in the middle of YSZ 
and GDC electrolyte (i.e., YSZ/VAN/GDC) (Fig. 6.6a) provides an OCV of 1.04 V at 
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700 °C and the maximum power densities of 0.432, 0.623 and 0.783 W.cm
-2 
(highlighted 
with red arrow) at  700, 750 and 800 °C, respectively. Compared with the cell without 
the VAN electrolyte, there is ~40% increase at 800 °C for the cells with the VAN 
electrolyte in middle. There is a further increase for the fuel cell performance with the 
VAN electrolyte applied on top of the YSZ and GDC bi-layer electrolyte (i.e., 
YSZ/GDC/VAN) (Fig. 6.6b) which provides an OCV of 1.01 V at 700 °C and the 
maximum power densities of 0.488, 0.694, and 0.883 W cm
-2
 (highlighted with red 
arrow), at, 700, 750, and 800 °C, respectively. The possible reason for the further 
improvement is that the YSZ/GDC VAN electrolyte enhances the oxygen dissociation 
and surface oxygen exchange rate at the cathode/electrolyte interface.[236] Compared 
with the cell without the VAN electrolyte, the cells with the VAN electrolyte at the top 
show ~90% increase in the overall maximum power density at temperature range from 
700 to 750 °C and ~55% increase at 800 °C. It is interesting to observe that applying 
VAN electrolyte benefits more at lower operation temperatures for SOFCs. 
Considering the resistivity of YSZ is higher than that of GDC and VAN, a 
concern was raised on that the overall electrolyte resistance could be dominated by the 
YSZ layer. However the overall thickness of the electrolyte is ~6 μm while the YSZ 
layer thickness is ~1.5 μm and the ionic resistance of YSZ is ~4 times higher than GDC 
at 700 °C. [15] Therefore both GDC and VAN layers (~4.5 μm in total) in the cells still 
contribute to the overall electrolyte resistivity at the operation temperature range from 
700 to 800 °C. More importantly, the overall cell performance enhancement for the cells 
with VAN is evident and the trend has been repeated in another identical set of three 
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cells (with over 30% power density enhancement by applying VAN electrolyte). The 
performance enhancement is therefore believed to be mainly resulted by that the VAN 
electrolyte with vertical interfaces provides fast channels for the oxide-ion diffusion and 
lower migration energy. The possible reason for the enhancement is that the overall 
electrolyte resistance decreases by applying VAN electrolyte with superior ionic 
conductivity. In addition, the high ionic conductivity and low oxide-ion migration 
energy of VAN electrolyte will result in higher oxide-ion concentration in YSZ 
electrolyte compared with that in conventional YSZ electrolyte. This could also 
contribute to the enhanced power output for the cells applying VAN electrolyte. 
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Fig. 6.8. The power densities of single cells a) without VAN, (b) with VAN in middle of 
the electrolyte and (c) on the top of the electrolyte, demonstrating the enhanced cell 
performance by applying VAN electrolyte. (d) The V-I curve of the single cells with and 
without VAN electrolyte at 800 °C. 
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To further demonstrate that the power output comes primarily from the 
electrolyte, the power density data of single cells with VAN electrolyte in middle and 
without VAN electrolyte at 800 °C is plotted and fitted in Fig. 6.8d. At the Ohmic 
polarization dominated regimes (current density in the range of ~0.5 - ~2 A cm
-2
), the 
slope could be treated as the Ohmic resistance of the electrolyte. As seen in Fig. 6.8d, 
the slope of the electrolyte with VAN in middle is ~30% smaller than that of the 
conventional single cell with YSZ/GDC bilayer electrolyte. It demonstrates that the 
improvement is primarily from the electrolyte. Furthermore, the power measurement 
shows the single cell with YSZ (~1.5 μm) and VAN electrolyte (~4.5 μm) exhibits even 
higher power density output (for example, 0.957 W cm
-2
 at 800 °C) than the single cells 
with VAN electrolyte on top and in middle reported in this work. It is evident that the 
VAN electrolyte could be applied in real cells and enhances the overall power density.  
To preliminarily test the durability of YSZ/GDC VAN electrolyte, the post-
measurement cross-sectional backscattered SEM images of the single cells with the 
VAN electrolyte in the middle of the electrolyte stack as well as the top of the electrolyte 
stack are shown as Fig. 6.9a and b. No formation of pore or crack is observed and the 
VAN electrolyte remains its columnar structure after ~ 2-3 days of power measurements 
at high temperatures indicating the good high temperature stability properties of the 
YSZ/GDC VAN electrolyte.  
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Fig. 6.9. The post measurement backscattered SEM images of single cell with YSZ/GDC 
VAN electrolyte (a) in the middle and (b) on the top, showing excellent cell integrity 
after high temperature cell measurement. 
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6.5. Conclusions 
YSZ/GDC VAN electrolyte with vertically aligned nanocolumns have been 
successfully fabricated by PLD. The ionic conductivity of YSZ/GDC VAN electrolyte 
appears to be at least 2 times higher than that of single crystal like YSZ thin film and 
50% higher than that of single crystal like GDC thin film. As the deposition frequency of 
the YSZ/GDC VAN electrolyte increases, the interface density increases and the ionic 
conductivity of YSZ/GDC VAN electrolyte improves. The enhanced oxygen ion 
conductivity may result from lattice strain near the layer interfaces as well as the fast 
transport path along the vertical interfaces. The anode-supported single cells with 
YSZ/GDC VAN electrolyte demonstrated enhanced power performance at all 
temperatures compared with the cells without the VAN electrolyte. Compared with the 
cell without the VAN electrolyte, the fuel cells with VAN electrolyte show more than 
40% increase in the overall maximum power density. Overall, the results strongly 
support that the YSZ/GDC VAN electrolyte with vertical aligned interfaces improves the 
ionic conductivity as well as the overall fuel cell performance. Building vertically 
aligned interfaces provides a novel approach to achieve enhanced ionic conductivity 
compared to single phase materials and may improve the performance of other 
electrochemical devices beyond SOFCs. 
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7. VERTICALLY ALIGNED NANOCOMPOSITE La0.8Sr0.2MnO3-δ/Zr0.92Y0.08O1.96 
THIN FILMS AS ELECTRODE/ELECTROLYTE INTERFACIAL LAYER FOR 
SOLID OXIDE REVERSIBLE FUEL CELLS 
 
7.1 Overview 
A thin layer with a vertically aligned nanocomposite (VAN) structure of 
La0.8Sr0.2MnO3-δ (LSM) and Zr0.92Y0.08O1.96 (YSZ) between the oxygen electrode and the 
electrolyte has been fabricated by a pulsed laser deposition (PLD) technique for solid 
oxide reversible fuel cells (SORFCs). The high quality epitaxial growth of VAN 
structured LSM/YSZ has been achieved on single crystal SrTiO3 substrate at high-
deposition temperatures. The symmetric cells with the VAN interlayer are found to have 
a lower area specific resistance compared to that without the interlayer. The 
enhancement in performance has been demonstrated by increased oxygen electrode 
catalytic properties and porous oxygen electrode microstructure. The cell with the VAN 
interlayer shows an OCV of 1.00 V at 650 °C and maximum power densities of 0.22, 
0.32, 0.43 and 0.55 W
.
cm
-2 
at 650, 700, 750 and 800 °C, respectively. Compared with 
the cell without an interlayer, the cells with the interlayer have ~2 times of the overall 
maximum power density at the measured temperature range, demonstrating that the 
VAN interlayer significantly enhances the oxygen electrode performance.  
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7.2. Introduction 
Because of their high energy conversion efficiency and cost-effectiveness, solid 
oxide fuel cells (SOFCs) and solid oxide electrolysis cells (SOECs) are considered to be 
one of the most promising energy conversion and storage devices [5, 9, 237, 238]. 
SOFCs are electrochemical energy conversion devices directly converting chemical 
energy in fuel into heat and electricity while SOECs utilizes the heat and electrical 
power to produce fuel and store energy in other fuel form [4, 238]. Although SOECs and 
SOFCs have opposite working mechanisms, both have similar cell structure composed 
of hydrogen electrode, electrolyte and oxygen electrode and the criteria of materials 
selection are very alike. SOECs and SOFCs therefore can be combined as solid oxide 
reversible fuel cells (SORFCs) which work in both ways.  To lower materials and 
manufacturing process cost, enhance structural integrity of the cells, extend selection of 
materials, and increase lifetime of the cells, intermediate operating temperatures (600–
800 °C) are needed to enable their wide applications [1, 3, 13, 14]. However, the oxygen 
electrode polarization resistance significantly increases at low operating temperatures 
which becomes one of the major limiting factors in the overall performance of the 
intermediate temperature SOFCs and SOECs as well as SORFCs.  
La0.8Sr0.2MnO3-δ/Zr0.92Y0.08O1.96 (LSM/YSZ) is a widely-studied composite 
electrode material for SOFCs, SOECs and SORFCs, because of its decent oxygen 
catalytic property at high operating temperature (800-1000°C), high thermal and 
chemical stability, and relatively good compatibility [239]. It is also treated as a standard 
electrode material for fundamental research about electrode kinetics and limitation 
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factors for oxygen reduction reaction [9]. However, due to the insufficient catalytic 
property and limited length of TPBs at the intermediate temperature range [240, 241], 
the conventional composite LSM/YSZ cathode did not exhibit desirable performance at 
this temperature range. Another main issue for LSM/YSZ oxygen electrode is the 
interfacial electrical and mechanical degradation. Liu et al. reported that the interfacial 
degradation of LSM/YSZ electrode is due to the loss of TPBs length by a reduction in 
the LSM coverage and formation of secondary phases [161]. In addition, the degradation 
behavior was investigated by Knibbe et al. and they observed that delamination or 
hole/pore formation along the grain boundaries of YSZ electrolyte close to the 
LSM/YSZ oxygen electrode under high current densities [162]. The degradation 
mechanism proposed by Virkar and Chen indicated that insufficient interfacial ionic 
conductivity between the electrolyte and oxygen electrode causes high internal oxygen 
pressure. It leads to tensile strain close to the oxygen electrode/electrolyte interface and 
formation of hole/pores or delamination [163, 164]. Therefore, interface between the 
electrode and electrolyte where the reactions take place plays a key role on cell 
performance and durability. 
On the other hand, interface modification by implementing new nanostructured 
interlayer to enhance interface area or by inserting a thin interlayer for lowering the 
reaction barrier and enhancing the catalytic reaction probability provides intriguing 
approaches for enhancing cell performance and durability [51, 156]. For example, a 
nanoporous LSM interlayer prepared by metal-organic deposition was applied between 
the electrode and electrolyte to not only increase the power density but also long-term 
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and thermal-cycling stability [143]. A La0.5Sr0.5CoO3-δ /Gd0.1Ce0.9O1.95 vertically aligned 
nanocomposite (VAN) interlayer has been applied between the cathode and the 
electrolyte previously [15]. It effectively increases the cathode/electrolyte interface as 
well as the TPBs, resulting in enhanced power density of the cells. It suggests that the 
microstructural variations in the electrolyte and the electrode could affect the reaction 
kinetics of the cell, lower the polarization resistance at the electrode/electrolyte interface, 
and enhance the power output in SOFCs [41, 49, 95, 157].  
In this work, a new binary VAN interlayer consisting of the oxygen electrode 
material LSM and the electrolyte YSZ is deposited for SOFCs and SOECs. A schematic 
illustration of the binary LSM/YSZ VAN interlayer is shown in Fig. 7.1. The goal of this 
work is to enable large electrode/electrolyte interface area using this new VAN structure 
and to increase the cell performance as well as the mechanical and thermal integrity 
between the electrode and the electrolyte in single cells. The VAN interlayer will 
significantly increase the TPBs length and catalytic properties of oxygen electrode. Also, 
the interfacial ionic conductivity of LSM/YSZ composite electrode could be enhanced 
by building the VAN microstructure with vertical interfaces which mitigate the 
delamination issue in SOEC mode [242]. Over all, this new cell structure could take 
advantage of the increased cathode/electrolyte interfacial area and achieve a much better 
overall cell performance. 
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Fig. 7.1. Schematic diagram of an anode supported single cell with VAN interlayer 
where “L” and “Y” refer, respectively, to LSM and YSZ columns. 
 
 
7.3. Experimental 
7.3.1. LSM Powder and PLD Target Processing  
The PLD targets including LSM + YSZ, 8 mol% Yttria stabilized zirconia (YSZ) 
(500 nm, Tosoh Co.), Ce0.9Gd0.1O1.95 (GDC), 60 wt% NiO + 40 wt% YSZ (NiO-YSZ, 
500 nm, Praxair Inc.) and YSZ electrolyte disks were all fabricated by solid state 
reaction through mixing stoichiometric amounts of the raw powders: La2O3 (99.99%), 
SrCO3 (99.9%), Mn3O4 (99.9%), CeO2 (99.9%), Gd2O3 (99.9%), and YSZ. The phase 
purity of LSM and YSZ were confirmed by X-ray diffraction (XRD). The LSM powders 
for the preparation of screen printing slurry were obtained from the LSM target with 
pseudo-cubic structure. The LSM target was crushed into powders and then the powders 
were mixed with YSZ powder and ball milled for 48 h to refine the powder size.  
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7.3.2. Symmetric Cells and Single Cells Fabrication 
The LSM/YSZ VAN interlayer with different thicknesses and vertical interface 
densities were deposited onto pressed sintered YSZ disks in a PLD system with a KrF 
excimer laser (Lambda Physik Compex Pro 205, λ=248 nm). The laser beam was 
focused on the targets at a 45° incidence angle with an energy density of approximately 
5 J
.
cm
-2
. The thickness and vertical interface density of the VAN interlayer were 
controlled by deposition time and laser frequency. In order to fabricate the symmetric 
cells for impedance measurement, the LSM/YSZ slurry was screen printed onto YSZ 
substrates coated with and without PLD VAN interlayer, followed by an annealing 
process at 1100 °C for 2 h with a ramping rate of 2 °C min
-1
. The commercial NiO-YSZ 
cermet powder was pressed into 1 inch (2.54 cm) in diameter anode disks under uniaxial 
pressure for single cell preparation. The anode substrates were then sintered at 1300 °C 
for 3 h. Subsequently, a bi-layer electrolyte (~1 μm YSZ deposited prior to a ~5 μm 
GDC layer), a LSM/YSZ VAN interlayer and a screen printed LSM/YSZ oxygen 
electrode layer were deposited onto a NiO-YSZ anode disk substrate, following the 
procedure described elsewhere  [51, 199]. 
 
7.3.3. Microstructural Characterizations  
A high resolution field emission scanning electron microscope (FE-SEM, JEM-
7500F Cold Emission SEM) and a transmission electron microscope (TEM) (JEOL 
JEM-2010 and FEI Tecnai G2 F20 operated at 200 kV) were used to characterize the 
microstructure of these films. Scanning transmission electron microscope (STEM, FEI 
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Tecnai F20) was conducted with a point-to-point resolution of 0.27 nm. The preparation 
of cross-sectional TEM samples followed a standard manual grinding and thinning 
procedure. Then a final polishing step was conducted in a precision ion polishing system 
(PIPS 691, Gatan).  
 
7.3.4 ASR of Symmetric Cells and Power Density Measurements of Single Cells 
Platinum grids, which were gently pressed onto porous electrodes, were used as 
current collectors, AC impedance spectroscopy measurements were conducted with a 
potentiostat/impedance analyzer (Reference 600
TM
, Potentionstat/ Galvanstat/ ZRA, 
GAMRY INSTRUMENTS) in the frequency range of 10
-1–3×105 Hz from 600 to 
800 °C. An awaiting period of an hour for temperature stabilization was adapted for the 
AC impedance measurements. To evaluate the VAN interlayer effect on the oxygen 
electrode performance, the anode-supported single cells were prepared with and without 
then VAN interlayer. During the single-cell performance test, humidified H2 with a 
constant flow rate of 80 mL
.
min
-1 
and air with at a constant flow rate of 120 mL
.
min
-1 
were supplied as the fuel and the oxidant, respectively. Measurement details can be 
found elsewhere [199]. 
 
7.4. Results and Discussion 
A set of LSM/YSZ nanocomposite films were prepared on STO (001) substrates 
in the temperature range of 500–750 °C and with different deposition frequencies. The 
microstructural characterization of LSM/YSZ thin films was first performed with X-ray 
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diffraction (XRD). Note that the XRD pattern of LSM/YSZ thin film exhibits excellent 
crystallinity with the deposition temperature beyond 500 °C and there is no significant 
difference for those thin films deposited with different frequencies. Fig. 7.2 shows the 
typical XRD patterns of the LSM/YSZ nanocomposite films deposited at 700 °C with a 
thickness of ~ 150 nm. The LSM phase exhibits highly textured growth along (0 0 2) 
orientation while the YSZ phase shows (1 0 2) out-of-plane orientation matching to 
minimize the strain energy. In addition, the strain state of LSM phase in LSM/YSZ 
nanocomposite film has a 2.3% tensile stress along the out-of-plane direction based on 
the calculated lattice parameter of 0.396 nm (the bulk parameter of LSM is c = 0.387 
nm). This suggests that a further tensile stress is introduced by the YSZ secondary phase. 
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Fig. 2. XRD pattern of LSM/YSZ composite film deposited at 700 °C. 
 
 
High resolution cross-sectional TEM image of the LSM/YSZ thin films is shown 
in Fig. 7.3a. The film deposited at 700 °C shows alternating columns of LSM and YSZ 
indicating a typical VAN structure with excellent epitaxial quality. To confirm that LSM 
and YSZ grow as alternate columns without intermixing, the STEM images were taken 
under high angle annular dark field (HAADF) mode (also called Z contract images) 
where the contrast is proportional to approximately square of atomic weight (~Z
2
). One 
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such image in Fig. 7.3b shows well-aligned vertical columns with the different contrasts 
from the LSM (brighter contrast) and YSZ (darker contrast) columns, which is consistent 
with the TEM observations. The average column width for LSM and YSZ is ∼6 and ∼4 
nm, respectively. It demonstrates vertically aligned alternating LSM and YSZ columns 
without obvious intermixing.  
 
 
 
Fig. 7.3. (a) The cross-sectional TEM images for the LSM/YSZ nanocomposite films on 
STO (001) deposited at 10 Hz. (b) The cross-sectional STEM images of LSM and YSZ 
nanocomposite thin film. 
 183 
 
 
The plan-view SEM of screen printed LSM/YSZ oxygen electrode films with and 
without VAN interlayer were characterized to examine the interlayer effect on the 
microstructure of the LSM/YSZ oxygen electrode films, as shown in Fig. 7.4a and b. 
Compared with the LSM/YSZ screen-printed only films (Fig. 7.4b), the LSM/YSZ films 
prepared with the VAN interlayer as seen in Fig. 7.4a shows smaller grains with more 
porous microstructure indicating that the interlayer could significantly enhance the 
nucleation sites of the screen-printed layer. This interlayer effect has also been 
demonstrated by our previous work [13, 41] and it results in good grain connectivity 
between the electrolyte and oxygen electrode films.  
To measure the electrochemical performance of the LSM/YSZ screen printed 
oxygen electrodes with and without the VAN interlayer, corresponding symmetric cells 
were prepared. These results were evaluated using the equivalent circuit shown in Fig. 
7.5a. In this model, the intercepts of the impedance arcs with the real axis at high 
frequencies correspond to the resistance of the electrolyte R0 and L was the inductance 
of Pt wires. (R1, CPE1), (R2, CPE2) and (R3, CPE3) represent the resistance from high-
frequency, medium-frequency, and low-frequency arc, respectively. 
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Fig. 7.4. Plan-view SEM images of the screen printing LSM/YSZ cathode (a) with and 
(b) without VAN interlayer. 
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In the fitting, a constant phase element (CPE) is used to study the 
inhomogeneous porous electrode/electrolyte systems for exact fitting results. As shown 
in Fig. 5b, investigations on the LSM/YSZ electrode with and without the VAN 
interlayer revealed three separable arcs with characteristic frequency, in good agreement 
with the low, medium and high frequency peaks, respectively. The high frequency arc, 
which is not dependent on pO2, was attributed to O
2−
 transfer from the YSZ to the TPB 
electrolyte near the YSZ–LSM/YSZ interfaces [239]. In addition, the medium frequency 
arc with characteristic frequency of 10–100 Hz was ascribed to dissociative 
adsorption/desorption of O2 and transfer of species across the TPB. Moreover, the low 
frequency arc was corresponding to O2 gas diffusion [94, 239, 243]. The fitting results 
(seen as the inset table in Fig. 7.5b) show that R2 and R3 decrease with inserting the 
LSM/YSZ VAN interlayers while R1 is almost the same. Considering R1 was attributed 
to O
2−
 transfer from the YSZ to the TPB electrolyte, the similar R1 value suggests that 
the VAN interlayer does not significantly affect the O
2−
 transfer process. The decrease in 
R2 indicates that the LSM/YSZ VAN interlayer expands the TPBs length of the screen 
printed LSM/YSZ oxygen electrode and enhances the oxygen electrode catalytic 
property. In addition, the VAN interlayer enhances the nucleation sites for screen 
printing LSM/YSZ oxygen electrode, resulting in more porous microstructure and 
decreases the diffusion barrier (R3) for LSM/YSZ oxygen electrode.  
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Fig. 7.5. (a) The equivalent circuit model used to fit the impedance data and (b) the 
typical impedance plot the LSM/YSZ cathode with and without VAN interlayer at 
700 °C showing the enhanced electrochemical performance for cathode with VAN. The 
inset table lists fitting results for the LSM/YSZ cathode with and without VAN 
interlayer. 
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The polarization resistance (Rp) is defined as Rp = R1 + R2 + R3. The following 
equation (7.1) is used to calculate the area specific resistance (ASR):  
ASR= Rp*A/2,                                                                                                  (7.1) 
where Rp is the electrode polarization resistance and A is the geometric electrode area. 
An Arrhenius plot of ASR as a function of temperature for the oxygen electrode layers 
with and without the LSM/YSZ VAN interlayer is plotted in Fig. 7.6, where the 
calculation was based on the AC impedance data under air in the temperature range of 
600–800 °C. As shown in Fig. 7.6, the ASR of the cell with VAN interlayers shows ~ 
two times lower value in comparison to the results obtained for the cell without the 
interlayer. For example, the cell without the VAN interlayer has a higher ASR (0.98 
Ω.cm-2) than that with the interlayer (0.35 Ω.cm-2) at 700 °C. Therefore, the 
incorporation of the VAN LSM/YSZ interlayer between screen printed LSM/YSZ 
oxygen electrode and electrolyte can affect the total oxygen electrode polarization with 
increasing effective area of the TPBs. It results in improving the catalytic reaction 
probability at the gas–oxygen electrode–electrolyte TPBs. Accordingly, a decrease of the 
ASR of the oxygen electrode could lead to better performance in thin-film SOFCs. It is 
interesting to notice that the screen printed LSM/YSZ oxygen electrode with the VAN 
interlayer deposited at higher frequency (10 Hz) shows slightly lower ASR than that 
with the VAN interlayer deposited at lower frequency (2 Hz). Considering that the 
higher vertical interfacial density of the VAN interlayer will be achieved by deposited at 
higher frequency, the result suggests that the vertical interfaces may enhance the TPBs 
length or the oxide-ion incorporation kinetics.[244] For the screen printed LSM/YSZ 
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oxygen electrodes with the VAN interlayer thickness ranges from ~50 to 150 nm, there 
is no significant difference in ASR, indicating that the VAN interface property plays a 
dominant role for oxygen reaction kinetics and porous oxygen electrode microstructure.  
 
 
Fig. 7.6. An Arrhenius plot of ASR of LSM/YSZ cathode with and without VAN 
interlayers as a function of temperature. 
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To demonstrate the LSM/YSZ VAN interlayer effect on the overall cell 
performance, anode-supported single cells with and without the VAN interlayers were 
prepared. The single cell with interlayer thickness of ~100 nm was selected to ensure the 
enhancement is observable. The current–voltage (I–V) characteristics of the anode-
supported single cells were measured by a two-electrode set-up where Pt wires were 
used as electrical contacts held by Pt paste. The performance was measured at the 
temperatures ranging from 650 to 800 
o
C. The cell voltage and power density as a 
function of current density for the sample without PLD interlayer is shown in Fig. 7.7a. 
The open circuit voltage (OCV) is 0.99 V at 650 
o
C, and the maximum power densities 
of the cell are 0.10, 0.16, 0.22 and 0.30 W
.
cm
-2
 (highlighted with a red arrow) at 650, 
700, 750 and 800 °C, respectively. The overall trend is that the power density decreases 
as the measurement temperature decreases, and the cell potential also decreases as a 
result of the increasing polarization losses across the cell with increasing current density. 
The cell with the PLD interlayer  provides an OCV of 1.00 V at 650 °C and the 
maximum power densities of 0.22, 0.32, 0.43 and 0.55 W
.
cm
-2 
(highlighted with a red 
arrow) at 650, 700, 750 and 800 °C, respectively. Compared with the cell without an 
interlayer, the cells with the interlayer have ~two times of the overall maximum power 
density at the measured temperature range, demonstrating that the VAN interlayer 
significantly enhances the oxygen electrode performance. 
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Fig. 7.7. I–V curve of the anode-supported single cells (a) without and (b) with the 
LSM/YSZ interlayer at different temperatures of 650 ∼ 800 °C. 
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Fig. 7.8 shows the post-measurement cross-sectional SEM image of the anode-
supported single cell with the VAN interlayer. The YSZ/GDC bilayer electrolyte shows 
a fully dense structure with an obvious interface between the YSZ and GDC layers in the 
cell and the LSM/YSZ oxygen electrode and NiO–YSZ anode exhibits a porous 
structure with uniform pore distribution. It is evident that there is no crack or 
delamination issue observed at the interfaces in between the oxygen electrode, interlayer, 
and electrolyte thin film layers. This result suggests that besides the power density 
enhancement demonstrated in the cells with a VAN interlayer, the LSM/YSZ interlayer 
acts as an effective transition layer and improves the adhesion properties between the 
oxygen electrode and electrolyte and mitigates thermal stress. It could lead to a longer 
lifetime and better cycle-ability for the cells under thermal cycles [143] Also, by 
building the VAN interlayer between the electrode and electrolyte, it might enhance the 
oxide-ion transport across the electrode/electrolyte interface so as to avoid or lessen the 
delamination issue of the LSM/YSZ electrode in solid oxide electrolysis cell  [162-164]. 
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Fig. 7.8. The after-measurement cross-sectional SEM images of LSM/YSZ cathode with 
VAN interlayer. 
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7.5. Conclusions 
In summary, LSM/YSZ VAN with vertically aligned nanocolumns have been 
successfully fabricated by PLD. The VAN layer has been inserted between conventional 
screen-printed LSM/YSZ oxygen electrode and electrolyte. Compared with screen 
printed LSM/YSZ oxygen electrode without the VAN interlayer, the oxygen electrode 
with the VAN interlayer shows much higher film porosity with smaller grains and more 
uniform pore structures. The ASR of oxygen electrode with VAN interlayer is about 2 
times lower than that of the oxygen electrode without the VAN. There is no obvious 
interlayer thickness-dependent effect on ASR with the thickness range from ~50 to 150 
nm. However, the vertical interface density of VAN did play a positive role on the 
oxygen reduction kinetics. The anode-supported single cells with the VAN interlayers 
demonstrated enhanced power performance at all temperatures compared with the cells 
without the interlayer. The cell with the VAN interlayer provides an OCV of 1.00 V at 
650 °C and the maximum power densities of 0.22, 0.32, 0.43 and 0.55 W
.
cm
-2 
at 650, 
700, 750 and 800 °C, respectively. Compared with the cell without an interlayer, the 
cells with the interlayer have ~ two times of the overall maximum power density at the 
measured temperature range, which demonstrates that the VAN interlayer significantly 
enhances the oxygen electrode performance. Overall, the results strongly support that the 
thin VAN interlayer improves the electrochemical performance of the oxygen electrode 
layer as well as the overall cell performance and cell integrity. 
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8. SUMMARY AND CONCLUSIONS 
 
Designing nanoengineered thin films of bi-layer LSCO cathode, LSM:YSZ 
oxygen electrode, YSZ/GDC VAN electrolyte have been demonstrated and reaction 
mechanism of bi-layer LSCO cathode has been investigated for solid oxide fuel cells. 
First, the bi-layer cathodes have been successfully fabricated by combining the 
PLD and screen printing methods. Compared with the screen printing LSCO layer 
directly on CGO electrolyte, the LSCO layer with PLD seed layer has higher film 
density with uniform nanopore structures, better mechanical properties and higher 
thermal stability. The ASR of these bi-layer cathodes is ~5 times lower than that of the 
single layer cathode because of the desired microstructure of the PLD seed layer. The 
PLD seed layer could also enhance the catalytic reaction probability at the gas-cathode-
electrolyte TPBs by increasing the effective areas. It could provide better adhesion 
between the electrolyte and the screen printing cathode layer. The hybrid method 
combines the advantages of both PLD and screen printing techniques and offers a cost-
effective approach in fabricating thick and high quality cathode films. 
Second, bi-layer cathodes with different PLD interlayer thicknesses have been 
successfully fabricated by combining PLD with the screen printing method. Compared 
with layers of screen printed LSCO directly onto a  CGO electrolyte, the LSCO layers 
with a thin PLD interlayer (< 50 nm) shows moderate grain size and enhanced film 
porosity, while the LSCO layers with a thick PLD interlayer (thickness ≥1 00 nm) have 
much higher film porosity with small grains and uniform pore structures. The 
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mechanical and electrochemical measurement results of those cathodes agree well with 
the microstructure analysis. The anode-supported single cells with PLD interlayers 
demonstrated enhanced power performance at all temperatures compared with the cells 
without the interlayer. There is a 50 % enhancement in power density in the temperature 
range from 650 to 700
 
°C and ~ 30% increase at 800 °C. Overall, the results strongly 
support that the thin PLD interlayer improves the electrochemical performance of the 
cathode layer as well as the overall cell performance and cell integrity. 
Third, the electrochemical properties of LSCO cathode with and without 
nanoporous LSCO interlayer were studied with ac impedance spectroscopy under 
controlled temperature and pO2 conditions. Two reaction steps, i.e., the gas phase 
oxygen exchange at the electrode surface and oxygen mass transfer, are co-limited the 
electrode kinetic performance. A corresponding equivalent circuit model is proposed to 
interpret the observed impedance spectra. The oxygen chemical surface exchange 
resistance decreases as a function of temperature and interlayer thickness. The surface 
exchange resistance decreases as interlayer thickness increases which is due to the 
increased activated reaction sites. The activated reaction sites of cathodes with the LSCO 
interlayer (>100 nm thickness) is ~2 times of the cathode without interlayer resulting in 
the enhancement of the cathode performance. Thicker LSCO interlayer results in more 
reaction sites in the cathode. The oxygen mass transfer resistance also decreases because 
of more porous microstructure of the cathode with PLD interlayer. 
Fourth, YSZ/GDC VAN electrolyte with vertically aligned nanocolumns have 
been successfully fabricated by PLD. The ionic conductivity of YSZ/GDC VAN 
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electrolyte appears to be at least 2 times higher than that of single crystal like YSZ thin 
film and 50% higher than that of single crystal like GDC thin film. The enhanced 
oxygen ion conductivity may result from lattice strain near the layer interfaces as well as 
the fast transport path along the vertical interfaces. Compared with the cell without the 
VAN electrolyte, the fuel cells with VAN electrolyte show more than 40% increase in 
the overall maximum power density. Overall, the results strongly support that the 
YSZ/GDC VAN electrolyte with vertical aligned interfaces improves the ionic 
conductivity as well as the overall fuel cell performance. Building vertically aligned 
interfaces provides a novel approach to achieve enhanced ionic conductivity compared 
to single phase materials and may improve the performance of other electrochemical 
devices beyond SOFCs. 
Fifth, LSM/YSZ VAN with vertically aligned nanocolumns have been 
successfully fabricated by PLD. The VAN layer has been inserted between conventional 
screen-printed LSM/YSZ oxygen electrode and electrolyte. Compared with screen 
printed LSM/YSZ oxygen electrode without the VAN interlayer, the oxygen electrode 
with the VAN interlayer shows much higher film porosity with smaller grains and more 
uniform pore structures. The ASR of oxygen electrode with VAN interlayer is about 2 
times lower than that of the oxygen electrode without the VAN. There is no obvious 
interlayer thickness-dependent effect on ASR with the thickness range from ~50 to 150 
nm. However, the vertical interface density of VAN did play a positive role on the 
oxygen reduction kinetics. The anode-supported single cells with the VAN interlayers 
demonstrated enhanced power performance at all temperatures compared with the cells 
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without the interlayer, which demonstrates that the VAN interlayer significantly 
enhances the oxygen electrode performance.  
The future work could focus on fundamental understanding of the growth 
mechanism of the binary VAN structure and development of devices based on VAN 
structure. 
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